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The brain has an ordered structure of functional connections within brain networks, but this order 
becomes disrupted in Alzheimer’s disease (AD). The default mode network (DMN) and its central 
hub, the Posterior Cingulate Cortex (PCC) are particularly affected. Disruption to the functional 
relationships results in AD memory symptoms. Electroencephalography (EEG) biofeedback analyses 
a subject’s EEG, and displays an aspect of that signal back to them. That subject can then take 
control over that aspect of their EEG signal. Biofeedback can be used to alter the functional 
relationships in brain networks and could restore the abnormal functional connectivity relationships 
seen in AD, and in doing so improve memory symptoms. The aim of this thesis is to examine whether 
source-localised EEG biofeedback of the PCC could alter functional connectivity in the earliest stages 
of AD and improve memory outcomes.  
First, a pilot study in 10 people with amnestic type Mild Cognitive Impairment (aMCI) was 
conducted. The protocol was designed to up-train the power of theta and alpha, source localised to 
the PCC (broadband feedback). Participants completed 15 sessions of 40 minutes of biofeedback 
training. Their memory was assessed using the Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS), which has two forms (A and B). Participants were tested using 
form A prior to training, and form B after training to reduce repeated testing effects. There was a 
significant improvement in both the RBANS Immediate Memory index (mean improvement 12.4 
points, p=0.011) and the Delayed Memory index (mean improvement 7.0 points, p=0.016).  
Following on from the pilot study, a three armed randomised controlled trial was designed to: 
1) Assess alpha band only source localised feedback (narrowband) against broadband feedback 
2) Assess both biofeedback paradigms against a placebo control 
3) Test biofeedback training in a more general population of adults with memory deficits 
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Volunteers were screened using the RBANS. Those who scored below 90 on the immediate memory 
index were randomised to receive 15 sessions of either broadband feedback, narrowband feedback 
or placebo feedback. Memory was assessed using the RBANS.  
53 people completed all 15 sessions of biofeedback training and were included in the analysis. No 
effect on memory was found (Randomisation*Time interaction = 1.162, p=0.388). A significant 
increase in the power of the alpha band in the narrowband feedback group was identified 
(β=0.0323, p=0.003), indicating that the training had an effect on the targeted frequency in this 
group; however no change in the targeted frequency in the broadband feedback group was 
detected. No significant impact on DMN connectivity was found. A significant difference was found 
in the difficulty of tasks in the RBANS immediate memory index, form A was more difficult than form 
B.  
This particular kind of source localised biofeedback training does not appear to be effective at 
improving memory outcomes in the short term. In addition, a significant form effect was discovered 
for the RBANS, which entirely explained the result of the pilot study. Future studies of biofeedback 
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Chapter 1 Introduction 
Alzheimer’s Disease 
Disease Progression 
Alzheimer’s Disease (AD) is a form of progressive dementia that primarily affects older people (1). 
People who present with Alzheimer’s disease generally first present with loss of memory (2). At early 
stages memory loss is restricted to recent declarative memory, that is memory of recent events and 
facts (3). Older memories, although impaired, are affected to a lesser extent initially (4). When this 
memory impairment reaches a level that causes impairment of social or occupational activities, or 
activities of daily living, a diagnosis of dementia is typically met (2). Executive function is also 
affected early on in the disease progression. This affects the  person’s ability to make decisions, and 
may underlie an inability to perform tasks of daily living early on in the disease  (5).  Language 
function is also affected in early stages of Alzheimer’s disease, and tends to deteriorate along with 
memory function (6). 
Clinically, there is progressive deterioration in the ability to access memories, which can affect other 
cognitive domains (3). Memory deteriorates progressively, leading to patient’s appearing to ‘live in 
the past’ as the ability to retain new information is lost completely (7). Implicit memory such as 
learning motor skills are preserved well into the illness progression (8). The ability to interpret 
visuospatial information is often affected in intermediate stage of Alzheimer’s disease (9). Significant 
loss of language function can occur, with patients becoming mute at severe stages of the disease (3). 
Patients with Alzheimer’s disease often experience neuropsychiatric symptoms as well, the most 
common of which is apathy (10).  
At diagnosis, the life expectancy of the person is reduced by one third. Severe Alzheimer’s disease is 




Alzheimer’s disease (AD) is characterised by the accumulation of pathological amyloid beta plaques 
and neurofibrillary tangles in the brain (1). Post mortem examination of patients with Alzheimer’s 
disease reveals a large number of beta amyloid plaques, also called neuritic plaques. These are also 
found in the brains of non-demented individuals; however the amount of plaques is much greater in 
those with Alzheimer’s disease (11). These plaques contain an accumulation of protein derived 
peptides called amyloid beta (Aβ) (1) This protein is derived from the proteolytic cleavage  of 
amyloid precursor peptide by beta and gamma secretase (12). Amyloid precursor peptide is a 
transmembrane protein found particularly in neurons (1),. The amyloid hypothesis for the 
pathogenesis of Alzheimer’s disease suggests that the deposition of amyloid beta by beta and 
gamma secretase is the antecedent of Alzheimer’s pathological and clinical outcomes (13). 
Deposition of Aβ plaques starts a biochemical cascade which leads to the alteration proteins called 
tau within axons (14). Tau proteins are structural elements within axons which become hyper-
phosphorylated and form neurofibrillary tangles (15). These neurofibrillary tangles disrupt axons and 
may ultimately lead to the death of those neurons, particularly in the hippocampus (16). Loss of 
neurons, and loss of synapses between neurons is strongly correlated with cognitive decline, more 
strongly correlated than the density of plaques and tangles alone (17).  Gradual accumulation of 
pathology results in neuronal loss, which causes progressive cognitive decline (18). Loss of 
Figure 1-1  A silver stain of a histological section from an Alzheimer’s affected brain. The letter a indicates the position of a 
beta amyloid plaque. The letter b indicates the position of a neurofibrillary tangle. Adapted from Figure 1 Serrano-Pozo, A., 
et al. (2011). "Neuropathological Alterations in Alzheimer Disease." Cold Spring Harbor Perspectives in Medicine 1(1). 
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connection and loss of neurons results in inefficient communication of brain networks, which may be 
responsible for symptoms seen in AD (19).   
Epidemiology 
Alzheimer’s disease is both a costly and prevalent disease. The prevalence of AD rises sharply with 
age. Surveys in European countries find the prevalence rises from 0.8% of  ages 65 to 69 years olds 
to 18% of individuals older than 90 (20). There appears to be lower rates in the Chinese community 
(21). In 2011, more than 48,000 New Zealanders had dementia, most of which was due to 
Alzheimer’s pathology. It is estimated that by 2050, nearly 150,000 New Zealanders will have 
dementia (22). Likewise, incidence also increases with age (23), and incidence is lower in Asian 
communities (24). Rates of Alzheimer’s disease are higher in women, although this seems to be a 
reflection of the fact women live longer than men, rather than a true association (23). In 2011 4% of 
those with Alzheimer’s disease identified as Maori, and this proportion is expected to rise to 5.7%, 
due to an increasing life expectancy of Maori. It is estimated that dementia cost New Zealand a total 
of 954.8 million dollars in 2011 (22).  
Amnestic type Mild Cognitive Impairment 
Amnestic type mild cognitive impairment (aMCI) is a condition that describes otherwise cognitively 
normal adults who have isolated memory impairment, but without functional difficulties (25). 
Amnestic mild cognitive impairment is a subset of mild cognitive impairment (MCI) , a condition 
characterised by cognitive or memory impairment beyond normal aging, without the functional 
decline of dementia (26). People with MCI are at increased risk of developing AD and also at an 
increased risk of death (27). Amnestic mild cognitive impairment , and mild cognitive impairment in 
multiple domains with memory impairment are regarded as often representing prodromal forms of 
AD, and are therefore targets for early intervention in AD (26). However, researchers have found 
that MCI is an unstable diagnosis (28), that is when followed over a period of time, people with mild 
cognitive impairment either progress onto dementia or sometimes recover normal function. 
Although some studies have reported that up to 38% of people meeting criteria for MCI convert back 
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to normal cognition (29), other studies which required people to be consistently impaired found that 
this group did show significant cognitive deterioration compared to controls (28).   
Amnestic mild cognitive impairment is diagnosed using clinical criteria proposed by National 
Institute of Aging – Alzheimer’s Association work group criteria (30). These criteria are as follows:  
1. The person has a subjective memory complaint 
2. Normal activities of daily living,  
3. The person has otherwise normal cognitive function for their age,  
4. Abnormal memory on testing,  
5. Not demented  
6. Where possible, other aetiologies, such as vascular disease, have been ruled out.  
The annual rate of conversion from MCI to AD is about 10-15%, compared to an annual rate of 
conversion of healthy older adults to AD of about 1% (25).  Amnestic mild cognitive impairment is a 
diagnosis that results in a heterogeneous group of patients, which is diagnosed on the basis of 
clinical criteria and not pathology, which means it contains people who will not progress onto AD.  
Therefore caution must be used when interpreting the results of intervention in this group (29).  
Considerable effort has been put into trying to find ways to predict which people with aMCI will go 
on to develop AD. This has resulted in the development of biomarkers for Alzheimer’s pathology, a 
few of which are cerebral spinal fluid (CSF) amyloid beta 42 (Aβ-42), CSF phosphorylated tau (31), 
hippocampal volume and apolipoprotein E (APO E) genotype (32). Cohorts characterised as being 
likely to have AD pathology by these kinds of tests have higher rates of conversion to dementia than 
those characterised by clinical criteria alone. This is useful in order to target clinical research to those 
who are at high risk of developing AD (31-33).  
However, MCI patients do have demonstrable memory impairment and higher risk of developing AD 
(25), which clearly suggests that aMCI is a condition worth intervening in, to try and improve 
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memory outcomes, reduce the conversion rate to dementia, and delay conversion to dementia. It is 
estimated that a five year delay  in conversion to dementia could reduce the projected prevalence 
by one third (34). The recent Lancet Commission on Dementia prevention, intervention and care (35) 
suggested that up to 35% of dementia might be prevented, by addressing modifiable risk factors 
such as hypertension, midlife hearing loss and social isolation. However the commission also showed 
that interventional trials to prevent the onset of dementia in both healthy adults and those with 
aMCI have often failed to show any benefit.  
 General Memory Function 
Alzheimer’s pathology clearly has a significant effect on memory function early on, and therefore it is 
important to understand how normal memory function works and the impact of pathology on this. 
Normal memory is divided in different subsystems, which are sub-served by different parts of the 
brain. Memory is split into explicit and implicit memory (36). Explicit (or declarative) memory is 
divided into episodic memory, memory of events, and semantic memory, memory of facts and ideas 
(37). As Alzheimer’s disease particularly affects declarative memory (3), so this discussion of memory 
will be restricted to processes of declarative memory.  
Memory is initially stored in the working memory system. The working memory system is a 
theoretical model of how the brain holds information temporarily for further processing, permitting 
reasoning, decision making and initiating goal directed behaviour. With regard to declarative 
memory, the working memory  can hold a restricted number of items for a short period of time (38). 
These items can be actively manipulated while in this system (39). The working memory system is 
generally considered to consist of three subsystems, a phonological loop for processing and 
temporarily storing verbal material, a visuospatial loop  for processing  and temporarily storing visual 
material, and an executive control system which mediates attention and control over the other two 
systems (38). Functional neuroimaging studies such as Positron Emission Tomography suggests that 
the phonological loop is contained in high level verbal areas, such as Broca’s area the lateral frontal 
lobe (40).  The visuospatial system is sub served by some prefrontal and some occipital areas (40, 
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41). The executive control, which determines what details are attended to and are stored in the 
working memory, is located in the prefrontal cortex, particularly the dorsolateral prefrontal cortex 
(40, 42). This part of memory  is relatively preserved early in Alzheimer’s disease (3). 
Memory retrieval of larger lists of items, over periods of time longer than a few seconds, or after a 
distraction has occurred requires the integrity of the medial temporal lobe storage and retrieval 
system (39). Damage to the medial temporal lobe system demonstrates just how crucial the system 
is to memory storage and retrieval (43, 44).   Famous examples include historic patients H.M and R.B 
who each suffered damage to their hippocampus bilaterally, and were subsequently unable to store 
and retrieve new episodic memory (43-45).  
Information to be remembered about an event converges on the medial temporal lobe structures 
such as the parahippocampal cortex and the entorhinal cortex, and which processes the stimuli and 
stores an ‘index’ in the hippocampus. This ‘index’ can then be used to retrieve that information in a 
top down manner, thus retrieving a memory (46, 47). There is functional imaging evidence that the 
medial temporal lobe system is important for both episodic memory and semantic memory over the 
course of a life time (48). The integrity of the medial temporal lobe system is therefore vital to the 
functioning of memory. The parahippocampal gyrus, the PCC and the approximate position of the 




Figure 1-2: Inferior view of the brain. The approximate positions of the PCC, parahippocampal gyrus and the hippocampus 
are shown. The hippocampus is not a cortical structure, but is located deep to the parahippocampal gyrus. 
Default Mode Network, Memory and Alzheimer’s Disease 
The Default Mode Network and Posterior Cingulate Cortex 
The brain can be considered as a functional network with a ‘small world topology’. This means it is 
made up of connected groups of neurons, of which most have few connections and a few have a 
large number of connections. Highly connected regions are known as hubs  (49). Small world 
architecture results in a modular structure, where hub connect local modules together, as is seen in 
Figure 1-3. Clusters of neurons doing related tasks are often located close together. This allows for 
the segregation of information.  Hub regions connect the modules of related neurons together, 
forming long range connections between the modules of related neurons. This allows for 
information processed by different modules to be integrated. This system of hubs and modules 
separates the brain into different functional networks, which have distinct functional roles (50). 
These networks are connected together through the highly connected hubs (51). One of the best 




Figure 1-3: A Network with small world topology. Clusters of Neurons form a local module, which is connected to other 
modules by highly linked nodes. Adapted from Box 3 Bullmore, E. and O. Sporns (2012). "The economy of brain network 
organization." Nat Rev Neurosci 13(5): 336-349. 
The Default Mode Network was hypothesised to exist when it was noticed that certain areas of the 
brain were noted to deactivate simultaneously during a cognitive task (53). Functional imaging 
studies, using functional magnetic resonance imaging (fMRI), identified  areas of the brain that were 
active during particular tasks, by comparing images to brain activity when the participant wasn’t 
engaged in a particular task, the ‘resting state’.   When goal directed activity occurred, specific 
regions of the brain showed a coordinated increase in activity, whereas other parts showed 
decreases in activity (53). These deactivated areas define the default mode network, which is shown 
in Figure 1-4 below. These regions are highly active in the resting state and are less active when the 
brain is engaged in directed activity (53). The network consists of the Posterior Cingulate Cortex 
(PCC), Medial Prefrontal Cortex, the Parahippocampal Gyrus, Anterior Cingulate Gyrus, Inferior 
Temporal Cortex, orbitofrontal cortex and inferior parietal cortex (52).  Another network, which is 
activated during sensory tasks, is the salience network.  It is active when the default mode network 
is inactive, and during the resting state when the default mode network is active, the salience 




Figure 1-4. The anatomical location of the major parts of the Default Mode Network. Adapted from Figure 1 Debra, A. G. 
and E. R. Marcus (2001). "Searching for a baseline: Functional imaging and the resting human brain." Nature Reviews 
Neuroscience 2(10): 685. 
The Posterior Cingulate Cortex is both highly connected (55), and highly active (53). The PCC is 
thought to be involved in the evaluation of environmental information to determine whether a 
behavioural switch is necessary (55). It is also highly connected anatomically to the parahippocampal 
gyrus and medial temporal lobe structures (56), suggesting that it has a significant role in memory 
encoding and retrieval (57). Due to its highly connected nature, and its pivotal role in memory 
circuits, the PCC is considered the hub of the DMN (58). It then follows that any pathology that 
affects the PCC is likely to have a significant effect on the connectivity of the DMN and memory (49). 
Memory Retrieval and the Default Mode Network 
Memory retrieval also depends on the anatomical components of the default mode network, such as 
the PCC (59). The integrity of the anatomical white matter tracts that connects the nodes of the 
DMN determines the functional connectivity of the network (60, 61). The integrity of the functional 
connectivity of the DMN is important to the successful retrieval of memory (62). A full discussion of 
functional connectivity can be found in the section below. Additional evidence to suggest the 
importance of the DMN to memory retrieval is that selective damage to the posterior cingulate 
cortex and surrounding area results in a phenomenon called retrosplenial amnesia, which is similar 
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to the kind of amnesia experienced by the historic patients mentioned above with damaged 
hippocampi (63). 
Alzheimer’s disease profoundly affects the medial temporal memory system (16, 64). Loss of 
neurons in the hippocampus is strongly associated with decreased memory (16). Neurofibrillary 
tangles tend to accumulate in the medial temporal lobes and affect its connections to other areas of 
the brain, such as the posterior cingulate cortex (64). 
AD also strongly affects the default mode network (65). Beta amyloid deposition in vivo can be 
located and measured using the Pittsburgh compound B contrast Positron Emission Tomography 
scanning. The Pittsburgh Compound B is a radioactive ligand that binds to beta amyloid in vivo (66). 
A PET scan using the Pittsburgh compound in a person with Alzheimer’s Disease is demonstrated in 
Figure 1-5 below. The pattern of deposition of beta amyloid plaque, measured by Positron Emission 
Tomography using the Pittsburgh compound, is similar to the anatomical location of the default 
mode network (65). In addition, early metabolic reductions are seen in the PCC area, and throughout 





Figure 1-5: PET scan of a person with Alzheimer’s disease, using the radioactive ligand Pittsburgh Compound B to label the 
deposition of beta amyloid. The PCC has been labelled. Note the similarity to the distribution of the default mode network. 
Adapted from Figure 2 Buckner, R. L., et al. (2005). "Molecular, Structural, and Functional Characterization of Alzheimer's 
Disease: Evidence for a Relationship between Default Activity, Amyloid, and Memory." The Journal of Neuroscience 25(34): 
7709-7717. 
EEG and Biofeedback 
Introduction to Electroencephalogram 
One of the ways neurophysiological changes in the brain can be explored is via the 
electroencephalogram, or EEG (68). EEG measures the field potential (voltage) generated on the 
scalp when a group of neurons simultaneously generate electrical activity (68). When neurons are 
stimulated by an excitatory synapse they generate an excitatory postsynaptic potential (EPSP), and 
likewise when they are inhibited by an inhibitory synapse they generate a inhibitory post synaptic 
potential (IPSP) (69). These post synaptic potentials are the basis for the electrical activity seen in 
the EEG recording. As the recording takes place on the scalp, the voltage signals must pass through 
meninges, skull and scalp before it is detected by the electrode. Because the electrical potentials 
generated by individual neurons are small and attenuated by both the distance and conducting 
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properties of the tissues they pass through, they cannot be detected on the scalp. A large population 
of neurons acting in synchrony is required in order to generate a recording in an EEG lead (68). 
The EEG is used in clinical practice to assist with diagnosing and managing neurological disease (70). 
The EEG can detect abnormal patterns of electrical activity in the brain, which can be used to help 
characterise and manage epilepsy. Changes to the material of the brain, such as caused by tumours 
or trauma, can be detected and localised on EEG, but this is second line to imaging techniques such 
as Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) scanning. EEG can also be 
used to detect viral encephalitides (70). 
The Magnetoencephalogram  (MEG) is a conceptually related technique that measures the magnetic 
field generated by currents in neurons (71). Both EEG and MEG measure the physiological activity of 
neurons over milliseconds (72).Depending on the type of leads used, it produces a similar pattern of 
activity, though it tends to image a smaller group of sources at a higher spatial resolution. The 
equipment required is much more expensive and bulky compared to EEG, so it is generally only used 
for research.(71) 
The standard EEG has electrodes placed in accordance with the ‘10 – 20 system’ of the International 
Federation of Societies for Electroencephalography and Clinical Neurophysiology, which is 
demonstrated below in Figure 1-6 (73). This system uses bony landmarks to determine the position 
of the electrodes. The distance is measured from the nasion to the inion, and the first electrode is 
place at 10% of that distance from the nasion. The second is placed at 20% of that distance, until 
there are five electrodes placed in line, with the last one being 10% of the distance from the inion 
(73). The same process is used place electrodes in the coronal plane, measuring between the left 
and right pre auricular points (73). This system creates consistency in lead placements between 
subjects and within subject having multiple recordings. This system has subsequently been extended 
to the 10 – 10 system, where additional electrodes are at the mid points between the 10 – 20 
electrodes, and further to the 10 -5 system. Nomenclature is as for the 10 -20 system, but electrodes 
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placed in between the standard 10 -20 electrodes take on the name of the both electrodes they are 
in between, for example FCz is at the midpoint between Fz and Cz, and POz is at the midpoint 
between Pz and Oz. AF1 and AF2 are located on the line halfway between Fpz and Fz (74). 
The EEG traces can be generated in two major ways, with monopolar montages, or using bipolar 
montages (75). Both methods have their advantages and disadvantages. Monopolar montages 
measure changes in activity with respect to a common reference. Often the common reference is 
chosen to be the earlobe. This method is prone to artefacts arising from activity in muscles and from 
the heart. But it allows for comparison between the activities of adjacent electrodes (75). Bipolar 
montages measure the difference in potential between adjacent electrodes, so are less prone to 
internally generated artefacts, but information can be lost. This is because voltage changes affecting 




Figure 1-6 Position of the electrodes as determine by the 10 20 system. Note that A1 and A2 are reference electrodes placed 
on the ears 
The EEG generates a montage of activity which generally takes waveform in real time (76). These 
waveforms represent the oscillations in electrical potential caused by neuronal activity. (68). Often 
these waveforms are separated historically into four different classes, based upon frequency, for 
descriptive purposes. Delta waves are classified as 0.1-4 Hz, theta waves 4 Hz to 8 Hz, Alpha waves 8 
Hz to 13 Hz, beta waves > 13 Hz. (76). In addition higher frequency classes have also been defined as 
technology became available to detect them, such as gamma waves, which are in the frequency 





Figure 1-7 Example of an EEG recording. Note the electrodes are named on the left side of the image, and are referenced to 
an average common reference. The tracings have a waveform that represents the combined activity of thousands of local 
neurons near the recording electrode.  
EEG technology can be used to measure the physiological activity in the brain in real time (76). One 
of the reasons that this is useful is it allows us to measure the functional connectivity of parts of the 
brain, which might be affected by Alzheimer’s pathology. 
Basic Signal Analysis 
When recorded digitally, oscillating signals like the EEG can be analysed quantitatively. The most 
fundament of these analyses is the Fourier transform, which takes a complex oscillating signal and 
splits it up into its frequency components, see Figure 1-8. The output of the Fourier transform can be 
used to calculate the power of a particular frequency, or more simply, the amount of that frequency 
which makes up the waveform. (79) The power of each frequency can be linked to physiological and 
pathological variables, such as the memory function in traumatic brain injury (80).  Using a Fourier 
transform to generate a frequency power curve for each electrode generates data map called a 




Figure 1-8: The Fourier transform allows a complex waveform to be separated into component simple waveforms 
A method of performing the Fourier transform is called the Fast Fourier Transform. It is called the 
Fast Fourier Transform because the computing power required to run the transform is less than is 




Analysis of EEG can be used to measure the activity of the brain cortex deep within the skull (83). 
This is called source localisation. The methods of doing this all involve taking the measurement of 
generated voltage at the scalp and estimating where the source of that generated voltage is in three 
dimensions. This is an inverse problem mathematically, which has multiple solutions (84). While the 
forward problem has one unique solution, the inverse problem has multiple solutions.   
Standardised low resolution electromagnetic tomography (sLORETA) is a method of performing an 
inverse solution on a set of electrode potentials (85), as is the related method exact low resolution 
electromagnetic tomography (eLORETA) (86). Both of these methods are derived from Low 
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Resolution Electromagnetic Tomography (LORETA), which was the first in this family of inverse 
solution methods designed to calculate the current density state across the whole brain (87). 
sLORETA method works by applying a set of electrode potentials to a mathematical model of a brain 
and head. This model contains 
 3 shelled, spherical model, with shells representing the head, with shells 
representing the skin, the skull and the cortex (85) 
 A brain map containing 6430 voxels, which are volumes of cortical grey matter, co-
registered to a standard brain map called the Montreal Neurological Institute (MNI) 
125 brain (88).  
The method then models the interaction of current in each of the voxels with the head model. It 
applies the recorded electrode potentials to this model in order to generate a map of current density 
at each voxel that would produce the potentials at the electrode (85). 
sLORETA has been shown to accurately localise sources with zero error under ideal conditions. 
However, their limitation is that they are relatively low spatial resolution techniques, and so these 
methods localise a generated potential to a relatively large area compared to fMRI tools (85). 
The sLORETA tool can be used to assess the functional connectivity of two parts of the brain. This is 
done by first applying the sLORETA method to generate a stream of activity for two separate neural 
masses. Then, the phase lagged synchronisation between those two activity streams is calculated. 
This will give us a measure of functional connectivity between those two pre-specified areas of the 
brain(86). For a description of phase lagged synchronisation, see the functional connectivity section 
below. Synchronisation different frequencies or frequency bands such as theta band and alpha band 
might reflect cross frequency coupling type communication in different brain regions, and thus be a 
marker of functional connectivity (89). Cross frequency coupling is further discussed in the functional 




It may be possible to change the pattern of activity and connectivity in the EEG to reduce symptoms 
of neurological disease, change pathological processes or generally improve cognitive function (90). 
This is the principle of biofeedback treatments.  EEG biofeedback is a kind of learning procedure 
where the subject is trained to alter the pattern of activity in their brain by entraining the desired 
pattern to a stimulus (91). This involves rewarding the patient when the desired pattern of activity is 
present so that they can learn to self-regulate the activity (90). This has been shown to have a 
benefit in a number of clinical conditions such as Attention Deficit Hyperactivity Disorder (92), 
epilepsy (93), addiction disorders (94) and tinnitus (95). 
EEG biofeedback can be used to alter the rhythmic EEG activity of the brain (90). To achieve this, EEG 
recordings are analysed in real time using the Fast Fourier Transform (82) to give the relative power 
of discrete bands of EEG  frequency. The power is a measure of how much of a given frequency of 
signal is present. If the power of the specified frequencies is in the desired range, the subject is 
rewarded by a change in a display on a computer screen, for example, elevation of a bar graph. Over 
time, the subject learns to maintain the relative EEG frequency-specific powers at levels to achieve 
the desired output (90). In this way the person undergoing biofeedback learns to self-regulate the 
ongoing activity of the cortex (93). The process of EEG biofeedback is represented diagrammatically 
below in Figure 1-9.  In addition, sLORETA can be used to source localise EEG activity in real time to 




Figure 1-9: Schematic of the biofeedback process 
EEG biofeedback down-training of alpha rhythms has been shown to increase functional connectivity 
in the salience network, a network involved in sensory attention (96). The study used the alpha 
power at Pz as the feedback variable, indicating that EEG biofeedback of frequency power at a 
particular location can be used to alter functional connectivity. A detailed description of what 
function connectivity is and a methodology for calculating it is contained in the section below. 
Additionally, direct training of functional connectivity has also been demonstrated using MEG 
technology (97). Using biofeedback to improve functional connectivity may be more effective at 
changing behavioural outcomes than changing the power of a particular frequency at a particular 
location (98). Supporting this, there is also evidence that biofeedback training can alter white matter 
networks as well (99). The potential to change the connectivity of the brain is promising, as 
disruptions to brain networks may be responsible for the emergence of neurological symptoms in 
disease. This is described below for Alzheimer’s disease, but it is also true for conditions such as 




Functional Connectivity  
Functional Connectivity 
Functional connectivity is the synchronisation of patterns of activity, such as the oscillations in 
electrical potentials measured in the EEG, between distant regions of the brain. It is a purely 
statistical correlation (103). For example, when the PCC has EEG waveform activity that is 
synchronised with the EEG waveform of the parahippocampal gyrus, it is said to have high functional 
connectivity. Figure 1-10 demonstrates the basic principle of functional connectivity. Functional 
connectivity can be measured with a variety of techniques, including functional magnetic resonance 
imaging (fMRI) studies with blood oxygen level dependent contrast imaging (BOLD) as well as with 
EEG. Although the various methods are similar and have been shown to correlate in some 
circumstances (89, 104), the different methods may not show exactly the same phenomenon. BOLD 
imaging measures slow changes in blood oxygen utilisation in areas of the brain.  Areas that show 
synchronised changes in blood oxygen utilisation are said to be functionally connected (105) which is 
different to EEG. EEG methods of characterising functional connectivity involve measuring the 
synchronisation of oscillations in neuronal activity in specified frequency bands (106). EEG measures 
of connectivity and fMRI BOLD measures of connectivity may not correlate well in the resting state. 
 
Figure 1-10: Demonstrates the principle of functional connectivity. The two regions in orange are communicating. The 
oscillations in electrical potential are synchronised between the two regions. These oscillations can be measured by EEG. 
Adapted from public domain 
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Phase lagged Synchronisation 
EEG methods of calculating functional connectivity take the montages of activity measured by the 
electrodes of the EEG and produce calculations of how synchronised the activity between two 
regions is. Functional connectivity between EEG signals is called coherence. One way of calculating 
this is phase synchronisation (107). Given a wave with a repetitive waveform, the phase is how far 
along one cycle it is (108). To calculate phase synchronisation, the phase of one wave is compared to 
another wave at different time points. If the phase is the same at those times, then the phase 
synchronisation is high (107). On the other hand, if the phase do not align often then the phase 
synchronisation is low. The total phase synchronisation consists of two components, the 
instantaneous phase synchronisation plus phase lagged synchronisation, which is synchronised but 
at a time offset. The principle of phase synchronisation is demonstrated below in Figure 1-11. 
One of the issues with measuring functional connectivity using EEG is the problem of volume 
conduction (109). Volume conduction is the transmission of electric fields from an electric primary 
current source in the brain through biological tissue such as skin towards distant sensors. This is as a 
signal produced in the brain can be detected by multiple electrodes, which makes finding the source 
of that signal difficult as there are multiple places it could be based on scalp measurements. When 
measuring synchronisation, this can lead to high false levels of coherence, because what is being 
detected is a single oscillator in multiple electrodes (110). Using the phase lagged component (110) 
avoids volume conduction giving false positive synchronisations.   That is, for two different 
oscillators to be synchronised they must have a phase lag of greater than 0. This takes into account 
the fact that neural masses, if they are any significant distance apart, will not communicate 
instantaneously because time is needed for action potentials to conduct down axons. Phase lagged 
measures of synchronisation tends to underestimate true levels of synchronisation, as one common 
source. For example, the thalamus can send signals to different parts of the cortex resulting in 
instantaneous coherence. But phase lagged synchronization more accurately detects true 
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connectivity under simulated conditions than other measures (110).
 
Figure 1-11 Demonstrating Phase Synchronisation. The left most waves have high phase synchronisation, because the 
waves are often in the same phase, for example the peaks and troughs occur at the same times. The middle set of wave has 
low phase synchronisation because the wave are not synchronised, for example the peaks and troughs do not align. The 
final set of waves have high phase lagged synchronisation because the waves are synchronised, but are offset by some 
amount of time. 
Cross frequency coupling 
It is hypothesised that low frequency oscillations such as theta, alpha and beta waves act as  carrier 
waves, which distant neural masses use to encode and decode information stored in gamma waves 
(111), so that the two regions which are communicating will be synchronised in a theta oscillation in 
order to be ‘reading the same message’. It has been found that this kind of cross frequency coupling 
correlates to fMRI based measures of functional connectivity (89). Cross frequency coupling often 
occurs through a process called phase amplitude coupling. This is where the amplitude of a high 
frequency wave is modulated by the phase of a low frequency wave. For example, if a high 
frequency wave occurs at the peak of the low frequency wave, its amplitude will be maximal. 
Conversely, if it occurs during a trough of the low frequency wave, its amplitude will be minimal 
(111). Phase amplitude coupling in the theta band to the low gamma band may be important to 
human cognition, including memory. The amplitude of waves in the 30-60 Hz range is modulated by 
the phase of waves in the 4-8 Hz range, and it is thought this particular theta -gamma coupling is 




Figure 1-12 Demonstrating the nesting of high frequency waves in low frequency waves. Areas communicating with low 
frequency one are functionally connected. Areas communicating in low frequency 2 are also functionally connected. High 
frequency messages are embedded in the low frequency carrier waves.  Adapted from Figure 7, Engel, Andreas K., et al. 
(2013). "Intrinsic Coupling Modes: Multiscale Interactions in Ongoing Brain Activity." Neuron 80(4): 867-886. 
Neural Oscillations in Relation to Memory 
Alpha and theta frequency oscillations are likely important to memory function. As previously 
mentioned, memory retrieval relies on theta band oscillations in the hippocampus with information 
encoded on the theta wave by theta gamma phase amplitude coupling (111). The white matter 
structural connection between the parahippocampal cortex and the PCC (56) likely facilitates the 
functional connectivity necessary to transfer information in the coupled wave. Therefore, functional 
connectivity in the theta domain between the PCC and parahippocampal cortex is likely to be 
important to the retrieval of memory. Without the connectivity between the PCC and the 
parahippocampal cortex the information encoded in gamma frequency waves cannot be decoded by 
the default mode network (111). 
The integrity of the DMN functional connections is also important to the retrieval of memory. 
Functional connectivity in the alpha domain in EEG studies have the strongest correlation to the 
fMRI measured connectivity (113). These fMRI measures are strongly associated with memory 
function (114). Therefore, connectivity between the nodes of the DMN in the alpha domain is also 
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likely to be important for memory retrieval. It is possible that alpha waves may be phase amplitude 
coupled to gamma waves in a manner similar to theta waves (115). Thus alpha wave connectivity 
could be transferring memory data from the PCC to the rest of the DMN, as a mechanism for 
memory retrieval.  
AD and Structural Connectivity Changes 
The accumulation of beta amyloid plaques and neurofibrillary tangles in Alzheimer’s disease results 
in loss of connectivity, which leads to the hypothesis that AD symptoms are the result of the failure 
of connectivity (19). The parahippocampal gyrus and medial temporal lobe structures are often 
affected by neurofibrillary tangle pathology (64). This area has strong links to the PCC in primates, 
which has been shown in dissection of the brains of macaque monkeys (56), and the reduced 
connection may be one of the reasons for the observed reduction in metabolism in the PCC (116). 
The parahippocampal gyrus is the link between the self-referential default mode network and the 
medial temporal lobe memory system, as demonstrated by functional imaging (117). It is suggested 
that symptoms of AD may arise not mainly from damage to a particular part of the brain, but from a 
loss of connectivity between different regions of the brain, particularly the connection of the DMN 
to the medial temporal lobe. This is caused by anatomical disruption of neurons by neurofibrillary 
tangles and the death of neurons. The disconnection results in the symptoms seen in Alzheimer’s 
disease (19). This is supported by evidence that medial temporal lobe white matter tracts to the PCC 
are disrupted in AD, and that this disruption is correlated to cognitive symptoms (118). 
A study looking at the graph theoretical analysis of networks in AD found that the white matter 
networks had a tendency toward randomness, and a loss of small world topology (119). That is, 
there is a loss of long range connections and increased tendency to form short range connections. In 
addition, the number of nodes information must pass through to get to any other particular node 
increases. This is called increased path-length. These features are demonstrated in Figure 1-13. The 
analysis was modelled on diffusion tensor imaging which highlights anatomical connection in white 
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matter tracts. This suggests a loss of integration of function in the brain, which is directly related to 
anatomical disconnection in white matter tracts. This may be the result of damage to hubs, which 
are preferentially affected by AD (58). A computational study has suggested that this pattern of 
damage specifically to hubs may be due to Activity Dependent Degeneration (120). This found that 
highly connected hubs have higher activity, and that if this higher activity was linked to higher rate of 
damage occurrence. The simulation closely resembled the increasing randomness seen in AD. This 
study is corroborated by findings which show neural activation correlates with beta amyloid plaque 
deposition, suggesting that the higher activity of the hubs may be the cause of the pattern of 
damage seen (121). 
.  
Figure 1-13 As Alzheimer’s Disease progresses there is a loss of small world topology. There discrete modules seen on the 
left are not seen on the right. There is loss of long range connections and an increased tendency to form short range 
connections. Adapted from Bullmore, E. and O. Sporns (2012). "The economy of brain network organization." Nat Rev 
Neurosci 13(5): 336-349. 
Alzheimer’s pathology begins accumulating years before the onset of clinical symptoms (65). This 
has led for a drive to identify people who are at early stages of the disease and may benefit from 
intervention to change the pathological process (122). This fact caused the drive to develop the  
concept of mild cognitive impairment as an intermediate stage between normal aging and dementia, 
which presumably a person with AD would pass through as their condition progresses (122). 
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AD and Functional Connectivity 
Studies of functional connectivity, as measured by EEG synchronisation, show that there is altered 
connectivity in AD and MCI (123) (124), These studies in general support the hypothesis that 
Alzheimer’s can be conceptualised as a disconnection syndrome (19), and the evidence presented 
below points to the default mode network, and specifically the PCC as a potential target for 
intervening in changes seen in functional connectivity. Furthermore, some of the studies below 
show there is a correlation between functional connectivity and cognitive performance, suggesting 
that changing connectivity measures may result in some clinical benefits.  
Stam et al. (123) found that there was a reduction in the beta frequency coherence in 
electrode/sensor space found in people with Alzheimer’s They also found that this reduction in beta 
connectivity was associated mini-mental state examination (MMSE) scores. The Mini Mental State 
Examination (MMSE) is a short assessment of memory and cognition that is often used to screen for 
dementia (116). This suggests that the reduction in beta connectivity was associated with the 
pathological process of Alzheimer’s disease. Rossini et al. (125) similarly measured coherence. They 
targeted people with MCI as a way to predict whether they would convert to AD. This study found 
that higher parietal-frontal coherence was associated with conversion to AD, and MCI with normal 
coherence didn’t convert. In both, deranged connectivity across the whole brain was shown in 
people with AD and in those who would convert to AD. However, neither Stam et al nor Rossini et al 
used phase lagged synchronisation, so are affected by volume conduction effects. Neither study was 
source localised, which limits the ability to interpret the study in the context of damage to functional 
networks.   
Hsaio et al. (126) looked specifically at default mode network connectivity in mild AD compared to 
MCI, using source localised EEG and imaginary coherence, which is another method for calculating 
coherence with the  aim to reduce the effect of volume conduction. Participants were tested 
cognitively with the MMSE. They showed that compared to people with MCI, people with AD had 
27 
 
altered connectivity throughout the default mode network. The PCC had reduced connectivity to 
inferior parietal cortex, anterior cingulate cortex and the precuneus region. Increased connectivity of 
the left PCC with the right medial temporal lobe in the theta band was associated with lower MMSE 
score. This increase in connectivity may indicate a compensation for loss of connectivity to other 
regions. This study identified the PCC as a hub where altered connectivity is a marker for disease 
progression.  
These changes in connectivity have an impact on the organisation of functional relationships within 
the default mode network. Canuet et al. (124) used eLORETA to measure cortical sources of activity 
and relate the pattern of coherence to network topology. Reduced levels of alpha and beta 
synchronisation were identified compared to normal controls, and increased levels of theta 
synchronisation. They found that theta frequency synchronisation was negatively correlated with 
MMSE score. Overall, the network topology showed a tendency toward randomness and as loss of 
‘small world’ topology, as a result of reduced long range connections. However, the measures of 
connectivity used in the first study were measures of gross connectivity between the different lobes. 
This does not give us information about the effect on discrete networks like the Default Mode 
Network, which may be more relevant to the pathological process of AD than general measures of 
connectivity. These results are similar to those of Vecchio et al. (127) who also found that there was 
an increased tendency toward randomness of network structures, with increased path-length and 
increased clustering. This points to a change in network characteristics which may be due to the 
degeneration of long distance connections from hubs. Therefore an area like the PCC which is a 
highly active hub is a good target to intervene at if the goal of treatment is to maintain small world 
type topology in the brain. 
The findings of deranged connectivity are replicated in MEG. Buldu et al. (128) found that there was 
an increased tendency toward functional connectivity between lobes. They suggest that there is a 
decreased modularity of functional connectivity relationships in MCI, meaning that there is loss of 
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segregation of function found in MCI. The study’s authors hypothesised that this may be a 
compensatory mechanism for loss of connectivity. This study was also limited by not having source 
localisation. Also, it focussed on connectivity between the lobes of the brain. A lobe may contain 
multiple networks, some of which may be up-regulated and down-regulated. So, looking at 
connectivity between the lobes is an average of all the different affected networks, which cannot tell 
us anything specific about those networks.  
BOLD based studies of connectivity show that the default mode network definitely has altered 
connectivity (129). In particular there is decreased functional connectivity between the PCC and 
medial temporal lobe structures (130, 131). Also increased functional connectivity between the PCC 
and other parts of the brain in MCI has been observed (130, 131), including between the PCC and 
the frontal lobe, and the PCC and the anterior cingulate cortex. It is hypothesised that the increase 
of functional connectivity is due to the brain adapting to the reduced connectivity to other regions 
(130). When the person has developed AD this connectivity is lost and there is a decrease in 
functional connectivity seen throughout the brain (132). These changes in connectivity correlate 
with changes in cognition seen in MCI (130, 131), suggesting that the changes in connectivity are 
directly impacting on cognitive functioning. The spatial distribution of the accumulation of tau 
proteins appears to correlate with decreased functional connectivity in those areas, as measured by 
fMRI BOLD (133).  However, these studies use fMRI BOLD activity to detect functional connectivity, 
which may not correlate well with the phase lagged EEG synchronisation in the resting state that is 
being looked at in this study. 
The evidence above points to a change in functional connectivity in the default mode network, in 
particular the PCC in AD. This is consistent with the pattern of pathology seen in AD (65). The PCC is 
vulnerable because it is a highly active hub, and it becomes anatomically disconnected as a result of 
Alzheimer’s pathology. It is even suggested that these changes in functional connectivity may be 
harmful, putting the remaining neurons at risk of counter-productive compensatory activity 
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dependent damage (120). This suggests that reversing these changes in functional connectivity may 
prevent further damage to the PCC, and therefore preserve memory function.  
Low frequency training of the DMN 
Training of the PCC, as the primary hub of the DMN, may change the connectivity of the DMN as a 
whole. Vanneste et al (134) found this in a study of alpha feedback localised to the PCC by sLORETA 
in order to treat tinnitus. A key clinical feature of tinnitus is distress. The authors used a protocol 
that up train alpha current density and down train beta connectivity in the PCC. The original 
intention with this protocol was to change the ratio of alpha and beta current density within the 
PCC. However they found that there was no difference in the power of these frequencies after 
training. However, the authors did find that the connectivity decreased between the PCC and areas 
associated with distress such as the dorsal anterior cingulate cortex. Tinnitus is characterised by 
hyper-connectivity between the DMN and these areas (102). It was concluded that the training of 
the PCC didn’t influence the localised activity of the cortex, but rather normalised abnormal 
functional relationships within the DMN. Furthermore, the functional connectivity between the PCC 
and parahippocampal cortex increased with the alpha training. In training the PCC in a similar 
manner, it might be possible to strengthen the connectivity between the DMN and the memory 
centres in people who have disrupted networks. 
Summary 
Alzheimer’s disease is a chronic and progressive condition characterised by loss of memory function. 
Biochemical processes beginning with the deposition of amyloid plaques results in the anatomical 
disconnection of neurons, through disrupted axons and cell death. When there has been sufficient 
damage to the structural connectivity of important structures, such as the DMN, this results in 
alterations of the functional connectivity of those structures. Loss of functional connectivity in the 
default mode network is related to the loss of memory function seen early in AD. Intervention 
before the onset of full dementia could improve memory function and prevent the onset of AD. At 
the aMCI stage of AD, it may be possible to change altered connectivity relationships in order to 
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restore memory function, and potentially prevent further decline. Targeted EEG biofeedback of the 
PCC, to normalise altered functional connectivity relationships in the DMN, could be such an 
intervention. 
Aims 
This thesis aims to demonstrate whether EEG biofeedback of activity in the posterior cingulate 
cortex can be used to improve memory outcomes in mild memory loss associated with possible 
Alzheimer’s pathology.  
The general aim of this thesis are: 
1. To find out whether 15 sessions of sLORETA biofeedback training of the PCC 
improve memory outcomes on objective testing 
2. Find out whether sLORETA biofeedback of the PCC changes the neural activity as 
measured by the EEG, and whether this change is correlated to changes in objective 
memory scores 
3. To find out what covariates influences the effectiveness of sLORETA biofeedback 
training of the PCC. 
4. To find whether EEG variables such as current density and phase lagged 
synchronisation calculated using sLORETA can be used as a biomarker for memory 
dysfunction in aMCI 
 Hypothesis 
The central hypothesis is that Alzheimer’s pathology results in structural changes in the default 
mode network, which in turn causes changes to the functional connectivity of the network.  
Changes in functional connectivity will result in cognitive changes seen in MCI, and specifically 
results in memory loss. Biofeedback intervenes in this process by optimising the functional 
connectivity, restoring functional connectivity relationships toward normal, which normalises 





Figure 1-14 Summary of Alzheimer's model and rationale for using biofeedback as an intervention 
Specifically, when we use source localised phase lagged synchronisation to measure the functional 
connectivity of the PCC we will see altered synchronisation patterns in people with MCI compared to 
aged matched people with normal cognition. If it is similar to the patterns seen in fMRI based 
studies, then we would expect to see reduced connectivity to the medial temporal lobe structures 
and increased connectivity to frontal lobe structures. These changes may occur in the frequency 
bands which act as carrier waves, the theta waves and the alpha waves. 
Using EEG biofeedback to increase levels of theta and alpha in the PCC may improve functional 
connectivity in these bands. We hypothesise that increased levels of theta synchronisation within 
the default mode network will correlate with increased cross frequency coupling. 
Chapter Summary 
In chapter 2, a review of experimental studies looking at EEG biofeedback as a treatment to improve 
memory outcomes is presented. Common experimental procedures are identified and some basic 
analyses are done to try to identify factors which influence the effectiveness of biofeedback training. 
In chapter 3, the methods of data collection and analysis are given. Here, the EEG equipment and 
setup, and the subsequent processing and analysis of the EEG data is described. The cognitive tools 
used to characterise the participants in the biofeedback trials are also described. 
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Chapter 4 describes the trial design and results of the pilot study conducted in 2015. This study was 
a pre to post internally controlled study, looking at the effect of biofeedback training in 10 people. 
This study tested the feasibility and trialled the methods for the larger randomised trial 
subsequently conducted. 
Chapter 5 outlines the trial design and clinical results of the randomised trial conducted in 2016. This 
was a larger scale trial than the pilot trial, conducted in a more general population. This trial was 
designed to test source localised against a placebo biofeedback program, and also test the effect of 
changing the biofeedback parameter. The results of cognitive testing are also described in this 
chapter, focussing on the memory sections of the cognitive test. Basic analysis of the EEG data is also 
presented in this chapter 
Chapter 6 describes further analyses of the randomised controlled trial. This chapter particularly 
focuses on connectivity markers in the PCC and DMN. The aim of this kind of analysis is to identify 
EEG biomarkers that might be able to track the progress of individual biofeedback recipients and 
may be able to provide some explanation for the change in clinical outcomes. In addition, further 
analysis of the use of the Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS) is presented in this chapter 
Chapter 7 summarises the findings of the pilot trial and the randomised trial. This chapter discusses 
the interpretation of the results of the randomised controlled trial and discusses the methodological 
issues with this study.   
Chapter 8 discusses aspects of the results and makes recommendations for future trials and for the 
development of sLORETA biofeedback as a treatment for memory issues in older age. This chapter 
also discusses methodological considerations for research of biofeedback as a treatment for 




Chapter 2 Review of Biofeedback and Memory 
Method 
Search Strategy  
In order to investigate the use of biofeedback to improve memory, we conducted a systematic 
review of studies using biofeedback to change objective memory outcomes. The databases MEDLINE 
(Ovid SP), PsycINFO (Ovid SP), Embase (Ovid SP), Web of Science (Thomas Reuters Web of Science) 
and Scopus (Elsevier B.V Scopus) were searched. The keywords “‘biofeedback OR neurofeedback’ 
AND ‘memory’ ” were used to identify articles. Further articles were identified through citations. All 
articles through to November 2015 were included in the review. 
Articles identified by this search strategy had to meet the following criteria to be included in this 
review: 
1. Participants had to be treated with any kind of  non-invasive biofeedback of the central 
nervous system, such as EEG biofeedback, real time fMRI neurofeedback, or 
hemoencephalographic feedback 
2. Participants had to be over the age of 18 
3. Other forms of biofeedback were excluded, including heart rate variability training 
4. Objective measures of memory had been used, regardless of whether this was a primary or 
secondary objective.  
5. Studies using measures of procedural memory, such as motor memory, were excluded from 
the review. 
Detailed analysis 
A more detailed analysis was carried out on a subset of the studies identified. The characteristics of 
studies included in the meta-analysis are as follows: 
1. The report stated that participants were free of pre-existing conditions, particularly 
neurological conditions. 
2. Participants were randomised into either an intervention group or a control group. 
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3. Biofeedback presented EEG parameters to the participants 
4. Results of the study were reported so that the effect size could be calculated. 
The aim of this analysis was to identify how the parameters of biofeedback training sessions affected 
the result of the study. We aimed to look at the length of biofeedback training, how often the 
biofeedback training occurred and total number of sessions, and how each one impacted the change 
in the cognitive tool the study was using.   
Meta regression 
Because the studies included each used different cognitive tools, the effect size was calculated for 
each study. First, the effect size of for the experimental group was calculated using the following 
formula. 
𝐸𝑓𝑓𝑒𝑐𝑡 𝑆𝑖𝑧𝑒 =  
𝑀𝑒𝑎𝑛 𝑆𝑐𝑜𝑟𝑒 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔 − 𝑀𝑒𝑎𝑛 𝑆𝑐𝑜𝑟𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔






2 + (𝑛 − 1)𝑠2
2
𝑛 +  𝑛
 
And   
𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑜𝑝𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑝 
𝑠1 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔 
𝑠2 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔 
The same formula was used to calculate the effect size in the control group. This generates a statistic 
representing the impact of either the intervention or the placebo on the cognitive score. Next, the 
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difference between the effect size in the experimental group and the control group was found. This 
gives an estimate of the effect of training over the placebo effect. 
The difference in effect size was then plotted in a scatter plot against the length of biofeedback 
session, the number of biofeedback sessions in total and the number of biofeedback sessions per 
week. In studies which used biofeedback training that lasted less than a week, the number of 
biofeedback sessions per week was extrapolated.  Studies that reported biofeedback as ‘3 or 4’ 
times a week were assigned as 3.5 biofeedback sessions per week. 
We then used Wilson’s meta-regression macros for SPSS (135, 136) to determine the direction of any 
relationships between the parameters of biofeedback sessions and the difference in effect size. The 
difference in effect size, study weight calculated using Revman 5.3 software (137), and the 
covariates length of session, sessions per week, number of sessions, and total study size were used 
as inputs. 
Because of the heterogeneity of the kind of biofeedback used in the different studies and the 
different cognitive tools used, only very broad conclusions can be drawn from this type of analysis 
and interpretation of any regression or other analyses needs to acknowledge the caveat around 
validity due to heterogeneity. 
Validation 
In a three part review of EEG – biofeedback for optimising performance (138-140), a model for 
assessing the validity of the outcomes for biofeedback studies was put forward. Broadly this model 
requires specificity, and comparison against a control group or a relationship between 
neurofeedback learning and memory assessments. 
Specificity here refers to a number of different elements within a neuro-feedback study. The first 
element is band specificity. This refers to whether only the trained bands are affected by the 
biofeedback training or whether there is are additional effects in other bands. Cognitive specificity 
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refers to whether the training only had an impact on a particular cognitive process, such as memory, 
or whether other cognitive processes were affected as well. Topographical specificity refers to 
whether the training only had an effect on the specific training site, or whether a change in the EEG 
pattern can also be found at distant sites. 
When an EEG change in an experimental group occurs, this change can be validated against the 
cognitive outcomes. For example, if an experimental group has been exposed to alpha training at a 
particular site, and they have successfully increased the alpha power at that site compared to a 
group exposed to placebo training, then if the training is validity, there should be a cognitive 
difference between the experimental group and the placebo group. A second way to assess this 
evidence is whether feedback learning, such as increased alpha power, has a direct relationship to 
cognitive outcomes. Participants who have been able to increase their alpha power more should 
increase their cognitive outcomes more, and therefore there will be a correlation between the 
neurofeedback learning and the cognitive outcome.  
An analysis for these elements of validity was performed of all the controlled studies and the pre – 
post studies. These studies were assessed for whether they showed band specificity, cognitive 
specificity and topographical specificity. Then, the studies were assessed for whether the cognitive 
outcome was unique to the experimental group, and absent from other experimental and control 
groups. Finally, they were assessed for whether there was a correlation between the neurofeedback 
outcome and the cognitive outcome.  
Studies which demonstrated band or cognitive specificity, and at least one element of validity were 
included in this third section. Topographical specificity is not considered here given the importance 
of topographically dispersed cognitive networks, such as the DMN, to memory. The common 




The following section explains key definitions related to the studies. Terminology varies between the 
studies, so for ease of reading the following terms are used. 
Young and old refer to less than 65 and older than 65 respectively. Some studies have different 
definitions than this, so where this is the case that definition is stated. 
The standard definition of frequency bands in the EEG is given below in table 2-1. 
Table 2-1: Standard definitions of Frequency Bands 
Name of Frequency Band Band range (Hz) 
δ  (delta) 0 – 4 Hz 
θ  (theta) 4 – 8 Hz 
α (alpha) 8 – 12 Hz 
β (beta) 13 – 31 Hz 
γ (gamma) 31 – 64 Hz 
  
Another frequency band often used in studies of biofeedback is Sensory Motor Rhythm (SMR). It is 
typically the predominant frequency found over the primary sensory and motor cortices, and is in 
the frequency range of 12 -15 Hz (141). 
Sometimes alpha frequency is not defined in terms of an absolute band range, but rather in terms of 
an individualised alpha peak. When a segment of EEG is Fourier transformed, and the power is 
plotted over the frequency, often a peak occurs in the 10-14 Hz range under the closed eye 
condition, and frequency of this peak will vary from individual to individual. This is the peak alpha 
frequency (PAF), see Figure 2-1 below. For a basic explanation of the Fourier transform and power, 
see chapter 1. Individual upper alpha band is generally defined as the PAF to the PAF plus 2Hz, and 
individual lower alpha band is defined as the PAF to the PAF minus 2Hz (142-146). Nan et al (147) 
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define upper alpha as the band between the PAF and the point where the eyes closed Fourier 
transformed curve intersects the eyes open Fourier transformed curve. 
 
 
Figure 2-1 Demonstrating Peak Alpha Frequency 
When a Fourier transform is done, the output is the power of a signal in a frequency range. Absolute 
power refers to this power output. Relative power refers to the percentage of the power in the band 
range over the maximum power output. Relative power is a slightly different measure of EEG power 
as relative power can remain the same even is the absolute power changes, if other frequencies are 
affected similarly by biofeedback training for example (147). 
Electrode positions are stated according to the standard 10 –5 configuration (74). Hseuh et al (148) 
use a 64 electrode cap with twin electrodes in the 10 -20 configuration, for example C3a is an 
electrode anterior to the C3 position, and C3b is posterior to the C3 position.  
EEG montages are monopolar montages referenced to a non-cerebral location such as the earlobes 
unless otherwise stated. Bipolar recordings used for biofeedback are stated with the two electrodes 
used to make the bipolar montages.  
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Several of the studies identified looked at memory encoding during sleep (149-151). There are 
several key definitions related to sleep used. Sleep spindles are a EEG event that occurs during stage 
two sleep (152). These studies often used computerised techniques to measure the duration of time 
of sleep spindles. 
Low Resolution Electromagnetic Tomography (LORETA) feedback refers to EEG biofeedback that 
uses the LORETA technique (85) in order localise the current density in the cortex from the electrode 
space. For an explanation of the LORETA and its related methods, see the functional connectivity 
section in chapter 1. The feedback signal is the current density in a particular band-range, source 
localised to a particular location in the cortex.  
A few studies use quantitative EEG (qEEG) databases to generate specific biofeedback parameters 
(153-155). This compares the Fourier transformed EEG data from an individual with a particular 
neurological process (for example, traumatic brain injury) to a database of healthy controls in order 
to identify the abnormal EEG patterns in that subject. Generally these abnormal patterns are defined 
by both the frequency and location (for example there is increased theta power at P3 and decrease 
beta power at Cz). The biofeedback parameter is then designed to reverse these changes (for 
example, the stimulus will be positive when the theta power at P3 decreases and the beta power at 
Cz increases).  
Two studies have unique biofeedback strategies. Lee et al (156) used EEG while undertaking a test of 
attention to identify a frequency and electrode parameter that signified attention on an individual 
basis, and used that as a biofeedback parameter. Thomas et al (157) used ‘sample entropy’, a 
measure of signal complexity, as a biofeedback parameter. The theory behind the measure, as 
stated by the authors was that attention state EEGs have more signal complexity than inattention 
state EEGs.   
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fMRI (158-162) was also used in some studies. Real time fMRI uses BOLD signals as the feedback 
parameter, with high spatial localisation, but with relatively poor temporal resolution. There is 
generally a delay between a change in the BOLD signal and change of the biofeedback display on the 
order of 10 seconds, due to the time it takes to process the BOLD signal.  
Hemoencephalographic biofeedback (163) uses an infrared signal to measure cerebral blood flow in 
order to generate a biofeedback signal. In theory, this biofeedback procedure should allow the 
subject to control cerebral metabolism. 
There are several different strategies for recruiting a control group used in these studies. Waitlist 
controls are controls that are tested contemporaneously with the experimental group, both before 
and after the biofeedback training, but do not undergo training themselves. Sham controls undergo 
biofeedback training, but the signal displayed to them is not linked to their neurophysiological 
recording. They are either presented with a recording from a previous participant or a randomly 
generated stimulus. Random frequency training is where controls are allocated to a random 
frequency each time they participate. So if they underwent 10 sessions of biofeedback, they might 
be exposed to 10 different frequencies, and so would not effectively train any frequency. 
Memory Tests  
Individual tests cited 
Verbal and paragraph recall 
Verbal memory list (164)  and paragraph recall tasks (154) generally require the participant to listen 
to a list or words, or a short paragraph, and repeat back immediately what was said verbatim, and 
then again after a delay or distraction.  
N-back 
The N back task is a test of working memory. A sequence is presented, such as a sequence of letters 
or a sequence of positions of an object. The subject is asked to respond when the current item is the 
same as the nth previous item. For example in the 2 back, the subject is required to respond the 
items which are the same as the item two times before in the sequence. Errors are measured as 
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omissions, where a correct stimulus is ignored, or commissions, where an incorrect stimulus is 
responded to. See chapter 3 for a detailed description of a spatial 2-back test (165)  
Span tasks 
Span tasks are also used to assess working memory. In digit span tasks, the subject is presented with 
a series of numbers. In the forward digit span task, the subject is asked to immediately repeat the 
sequence verbatim. In the backward digit span task the subject is required to repeat the sequence in 
the reverse order presented. If the subject correctly repeats the sequence, a new, longer sequence is 
presented until the subject is unable to correctly repeat the sequence. Conceptual span uses 
semantically linked words in place of digits (166).  
Paired Associate Recall 
Paired associate recall tasks involve presenting a series of paired words. The subject is then 
presented with one of the words, and asked to recall the other. Paired associate recognition is 
where the subject presented with a series of paired words, and after a delay presented with one of 
the words, and required to select the correct pair from a list (167). 
Motor Free Visual Perception 
The motor free visual perception test is primarily a measure of visual perception, but contains 
elements of memory. In the memory portion of the test, the subject is presented with a stimulus 
item, which is subsequently removed. The subject is then asked to select a matching item from a list 
(168, 169). 
Boston Naming Test 
The Boston Naming test is a test of long term semantic knowledge. The subject is presented with a 
series of images of increasing complexity, and asked to name them (169). 
Sternberg task 
In the Sternberg task a series of items is presented. The subject is then presented with a second set 




Corsi Block tapping test 
The Corsi block tapping test requires the subject to repeat a sequence of taps on blocks made by an 
investigator. Much like the digit span, the outcome is the longest sequence that is repeated correctly 
(171). 
Category recall 
In category recall, the subject is presented with a series of objects from a few semantic categories. 
Afterward, the subject is required to select all the words belonging to one of the categories (172). 
Recall Order of Faces 
The recall order of faces task required participants to remember a sequence of 12 faces that they 
had previously sorted by preference themselves. The outcome is the number of permutations 
required to achieve the original sequence (173). 
Old/New Remember/Know 
The old/new remember/know paradigm is designed to separate recognition responses from recall 
responses. The subject is presented with a series of pictures, each one is coloured one of two 
colours. A new series of pictures is then presented in black, contain both old and novel pictures. The 
subject is required to select the old pictures, and when correctly selected they are required to say 
what colour that picture was. Recognition responses (remember) are correctly selected old pictures 
with incorrectly identified colour. Recall responses (know) are correctly selected old pictures with 
correctly identified colours (174). 
Rey Auditory Verbal Learning test 
Rey Auditory Verbal Learning Test (RAVLT) consists of a list of 15 unrelated words, which the subject 
is required to memorise. This list is repeated five times. The subject’s ability to learn the words gives 
an immediate memory score. The subject is then required to repeat the list again after a second list 
of unrelated words has been read to them, giving an interference score. The subject is then required 




Weschler Adult Intelligence Scale III 
Weschler Adult Intelligence Scale III (WAIS III) is a battery of 13 tests, which make up four sub-
indices. These sub-indices are working memory and verbal comprehension, under the index verbal 
IQ, and the sub-indices perceptual organisation and processing speed under the index performance 
IQ. Verbal IQ and performance IQ can be combined to produce a full scale IQ. The working memory 
sub index includes the tests digit span and arithmetic (176).   
Weschler Memory Scale 
 Weschler Memory Scale (WMS) is made up of seven subtests, which correspond to five indices. 
These indices are auditory memory, visual memory, visual working memory, immediate memory and 
delayed memory. The subtests are spatial addition, symbol span, design memory, general cognitive 
screener, logical memory I and II, verbal paired associates I and II, and visual reproduction I and II 
(177).  The WAIS III uses the scores individual tests to create the indices, which represents the 
competency in that neuropsychological domain. 
Repeatable Battery for the Assessment of Neuropsychological Status  
 Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) see chapter 3 for a 
detailed description of the RBANS. (178) 
National Institute of Mental Health and Neuroscience battery 
National Institute of Mental Health and Neuroscience battery (NIMHANS) is a neuropsychological 
battery constructed by the National Institute of Mental Health and Neuroscience in India. Memory 
tests included in the battery are a logical memory test, complex figure test, design learning test, and 
an auditory verbal learning test (179). 
Signoret memory battery 
 Signoret Memory battery is a battery that consists of two subtest. The recall sub test consists of 
delayed recall of six images, and the learning sub test consists of list learning (180). 
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Note that each these batteries contain a number of tests, which encompass the domains and testing 
procedures listed above.  
Results 
The search strategy identified 630 articles sourced from the following sources: MEDLINE 21, Embase 
163, PsychINFO 50, Web of Science 198, Scopus 194, additional references 4. After removal of 
duplicates and rejection of articles based on the inclusion criteria, 51 articles about 45 different 
studies remained (80, 142-151, 153-163, 181-209). The details of the articles referring to randomised 
trials are listed in table 2-2 below. Not all these trials have control groups. Articles referring to 
internally controlled pre-post designed studies are listed in table 2-3. Articles referring case series or 
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Intervention Group
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Pattern of Biofeedback 
Sessions Memory Test Summary of Result Summary of EEG outcomes
Angelakis 2007 6 Old Healthy 2 5 1
Increase Peak Alpha 
Frequency OR increase 
alpha amplitude at POz 
Audiovisual feedback Sham 31-35 sessions 24 minutes 1-2 sessions per week
Verbal memory wordlis, 
visual memory, N-back






Increased Peak Alpha 
frequency at frontal sites 
in training group
Becerra 2012 14 Old Healthy (>60) 5 7 7
Decrease Theta at lead 
with maximum deviation 
from normative database Sham 30 sessions 30 minutes 3 sessions per week WAIS III, NEUROPSI






Increased Alpha in the 
training group
Berner 2006 11 Young Healthy 4 11 11
Increase sigma (11.6-16Hz) 
at Cz Audiovisual feedback Sham Cross over design 2 Sessions 40 Minutes
Once before sleep, memory 
was tested after sleep 




No difference in wakeful 
EEG, No effect on sleep 
spindle, increased memory 
was associated with 
increased spindle time
Cannon 2009 14 Young Healthy 6
2 Anterior 
Cingulate, 2 Right 
Prefrontal Cortex, 
2 Left Prefrontal 
Cortex
LORETA current density in 
beta of the Anterior 
cingulate OR right 
prefrontal cortex OR Left 
prefrontal cortex, 





Increased current density 
in the Anterior cingulate in 
all groups
Cho 2015 27 Young and Old Stroke 19 13 14
Increase 12-18Hz, decrease 
0.5-4Hz and 22-36Hz at C5 
or C6 Waitlist 30 sessions 30 minutes 5 times a week




visual memory Increase in relative  beta
Di Loreto 2011 16 Young Healthy
LORETA feedback of Dorsal 
Anterior Cingulate OR 
Bilateral Prefrontal Cortex 
OR Precuneus 20 to 30 sessions 5 minutes
WAIS Working memory 
index Increase 
Increased current density 
at regions of interest
Dias 2012 16
Young and Old Healthy 
(31-81) 8 8
Hemoencepholgraphic 
feedback of the prefrontal 






feedback score of 4.6%
Enrique-
Geppert 2014 40 Young Healthy 19 19 21
Individual Theta at Fz, FC1, 
FC2, FCz, Cz visual 
feedback Sham 8 sessions 30 minutes Consecutive working days 3 back
Increase accuracy 
in training group
Increased frontal midline 
theta in NFB group. 




Depression 19 40 20
Increase individual upper 
alpha at P3, P2, P4, O1, O2, 
visual feedback Waitlist 8 sessions 30 minutes 2 sessions per week RAVLT




Upper alpha increased in 
the training group, during 
resting state and in-
training, increase Alpha 
current density (calculated 
by sLORETA) in the 
Anterior cingulate cortex
Escalano 2014 19 Young Healthy 14 40 20
Increase individual upper 
alpha at P3, P2, P4, O1, O2, 
visual feedback Waitlist 1 session 30 minutes RAVLT
Increase 
recognition in the 
training group
Training group had 
increased upper alpha, 
increased task related 
lower alpha 2, decreased 
Peak individual alpha
Escalano 2011 16 Young Healthy 9 10 6
Increase individual upper 
alpha at P3, P2, P4, O1, O2, 
visual feedback Waitlist 5 sessions 25 mintues Consecutive days Conceptual Span
Increased span in 
trianing group
Increased upper alpha 
power across sessions, 
decreased individual alpha 
peak within sessions
Guez 2015 30 Young Healthy 10
Increase SMR at C4 OR 
Increase P2 Upper Alpha 
Audiovisual Feedback Sham 10 sessions 30 minutes 2 sessions per week
Paired Word Recognition, 
Paired Word Associative, 
Mindstreams computerised 






were higher in the 
SMR group, 
Asscociative word 
task was higher in 
the Alpha training 
group
No Impact on qEEG 
measures
Hoedlmoser 2008 27 Young Healthy 13 16 11
Increase SMR at C3 
Audiovisual Random training 10 sessions 1 hour Consecutive days
Paired Associate word task 
recall
SMR group had 
increased recall
SMR group had increased 
SMR during training, and 














Number  in 
Intervention Group
Number in 





Pattern of Biofeedback 
Sessions Memory Test Summary of Result Summary of EEG outcomes
Hseuh 2012 70 Young Healthy 28
SMR group 23, Mu 
group 25 22
Increase SMR OR Increase 
Alpha (8-12Hz) at C3a-C3b 
and Cza-Czb and C4a-C4b 
Bipolar, visual feedback Random Training 12 sessions 36 minutes 3 sessions per week
word pair, backward digit 
span, operational span
word pair recall 
and backward digit 
span increased in 
mu training group, 
word pair recall 
increased in SMR 
group
Mu group increased alpha 
power, SMR group increase 
SMR
Keizer 2009 17 Young Healthy 22
8 Gamma group, 9 
Beta group
Increase Gamma Power at 
O2 OR increase beta power 
at O2 and Fz 7 or 8 sessions 30 Minutes 1 per day
Binding Response task, 
Memory Old vs New, 
Remember vs Know








Beta band coherence was 
related to familiarity
Kober 2015 20 Young Healthy 20 10 10 Increase SMR at Cz Sham 10 sessions 20 minutes 3-4 sessions per week
Digit forward span, Corsi 
block tapping test, 
backward digit span, Verbal 
memory long, verbal 
memory short
Verbal memory 
long increased in 
the SMR group
SMR group had increased 
SMR and decreased 
coherence between motor 
and parietal areas




Increase Alpha/Theta Ratio 
at C4-Cz and C3-Cz bipolar 
Audiovisual feedback 
Waitlist Control and 
Relaxation training Control 4 Sessions 30 mintues 4 sessions per week
Signeret Memory battery, 





1 participant increaed 
alpha, 2 partiicpant 
decreased theta, 2 
significantly changed the 
alpha theta ratio
Lee 2013 31 Old Healthy (>60) 13 15 15
Increased Attention 
Discriminated by stroop 






Nan 2012 32 Young Healthy 16 16 16
Increase Individual Alpa at 
Cz, visual feedback Waitlist 20 sessions 3 minutes 3 to 4 sessions per day
Digit Span Forward and 
Backward
Increased Score in 
Neurofeedback 
group
No increase in resting 
alpha. There was an 
increase in Alpha in 
training. Higher relative 
Alpha correlated with 
memory
Pavlov 2015 20 Young Healthy 9 10 10
Increase Individual Upper 
Alpha at O1 and O2 waitlist 6-8 sessions
Working memory (not 
specified) no improvement No change in EEG measures
Reddy 2013 60
Young Traumatic Brain 
Injury 54 30 30
Increase Alpha/Theta Ratio 
at O2 and O1 Waitlist 20 sessions 40 minutes 4-6 sessions per week
National institute of Mental 
Health and Neurosciences 
Neuropsychological battery
NFB group had 
increased 2 back, 
Increased verbal 
immediate and 
delayed recall, and 
increased delayed 
recall of a complex 
figure No change
Reis 2015 14 Old Healthy (>55) 6 8 6
Increase alpha and 
increase theta at Fz visual 
feedback Sham
6 sessions increase 
theta, 6 sessions 
increase alpha 30 mintues 1session per day Backward digit span
Increased digit 
span in the NFB 
group
Only NFB group increase 
Alpha and theta power









Realtime fMRI feedback to 
increase and decrease the 
BOLD signal in the 
Supplementary  Motor 
Area referenced to the 
Parahippocampal Cortex 
OR the Parahippocampal 
Cortex referenced to the 
Supplemantary Motor Area 
Controlled cross over 
design 12 to 22 sessions 32 mintues 3 sessions per day
Word recognition old vs 
new, remember vs know
Increase Parahippocampal 
Cortex Activity Associated 
with decreased Word recall
Schabus 2014 24 Young Insomnia 7 24 24
Increase SMR at C3 visual 
feedback
Random training cross over 
design 10 sessions 1 hour 3-5 sesssion per week
Paired Associate word task 
recall
No change in 
performance
Higher SMR post training, 
memory was associate 
with fast sleep spindles
Sherwood 2016 25 Young Healthy 14 18 17
Realtime fMRI feeback of 
the BOLD signal at the 
Dorsolateral prefrontal 
cortex Memory (n-back) training 5 sessions 6 minutes 3 sessions per week 2 back
no change over 
controls
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Intervention Group
Number in 





Pattern of Biofeedback 
Sessions Memory Test Summary of Result Summary of EEG outcomes
Staufenbiel 2013 20 Old Healthy 14
10 beta group, 10 
gamma group
Increased Beta at Fz OR 
increased Gamma at Fz, 
Auditory feedback 8 sessions 30 minutes 5 sessions per week
Memory task, Old vs New, 
Remember vs Know
Increased 
familiarity in the 
gamma group 
Able to increase trained 
variable in both groups, 
though didn't correlate 
with clinical outcome
Vernon 2003 30 Young Healthy 18
Increase Theta, Decrease 
Delta, Decrease Alpha at Cz 
OR Increase SMR, Decrease 
Theta, Decrease Beta at Cz 
Audiovisual 8 sessions 15 minutes 2 sessions per week
Conceptual Span task, 
Accuracy of Category recall
SMR group had 
increased hits and 
lower omissions on 
Span task, and 
increase recall 
SMR had increase 
SMR/Theta Ratio
Wang 2013 32




11 Old 8 Old, 8 Young 8 Old, 8 Young
Increase Theta at Fz Audio 
visual feedback Random training 12 sessions 15 minutes 3 sessions per week






Young Neurofeedback and 
Old Neurofeedback group 
both increase frontal- 
midline theta
Wei 2015 20 Young Healthy 20 Increase Alpha at C3 Random training 12 Sessions 25 minutes 4 sessions per week
word pair, backward digit 
span
Increase in NFB 
group
Increase in Alpha duration 
and alpha power
Xiong 2014 48 Young Healthy 25 12




Increase theta and 
decrease alpha at Fz, FCz, 
Cz, C1, C2
Sham OR Behaviour 









Zhang 2013 30 Young Healthy 16 15 15
Real-time fMRI feedback to 
increase the BOLD signal in 
the Dorsolateral Prefrontal 
Cortex, Visual Feedback Sham 2 Sessions 6.5 minutes 1 session per week
Forward Digit Span, 
Backward digit span, Letter 
Memory, Spatial 3 Back
Increase in Forward 


























Summary of EEG 
outcomes
Bauer 1976 16 Young Healthy 13
Increase Alpha 
at P3-O1 Bipolar 10 sessions 1 hour








state and normal 
state
In training Alpha 
Increased
Cannon 2006 8 Young Healthy 4
Increase LORETA 
current density 
in the Anterior 
Cingulate in 
beta 30 sessions 40 minutes









Alpha at P3, Pz, 
P4, O1, O2, 
visual feedback 8 sessions 20 minutes



















Nan 2012 15 Young Healthy 11
Increase 
individual upper 





more in Chinese 
language group




AF3, AF4, F7, F3, 
P7, O1, O2, P8, 




12 Young Healthy, 
15 traumatic brain 
injury, 17 Specific 
learning disability

















increased most in 
TBI group, reading 
memory 
increased in TBI 
group and SLD 










Table 2-4: Case Series and Case Studies 
 
Narrative review by Methodology 
Alpha Training 
These studies used protocols that are designed to increase the power in the standard alpha band or 
individualised alpha band. There are 10 randomised trials (142, 143, 145-147, 181, 195, 197, 199, 
208), four internally controlled trials (144, 147, 182, 194), and  one case study (198) that used this 
kind of protocol. Three of these studies, Lecomte et al (195) and Reddy et al (198) and Reddy et al 
(199), used the ratio of alpha power to theta power as the feedback parameter. Alpha training 
protocols generally used the posterior O or P electrodes as the training electrodes. Lecomte et al 
(195) Nan et al (147, 196) and Wei et al (208) trained the central electrodes, Cz, C3 or C4. On the 
various tests used, most studies found that scores improved after the training. Lecomte et al (195) 
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Bearden 2003 1 male
Young Left posterior/ 
thalamic stroke
Decrease Theta at P3 or 
T3 -C3 bipolar
18 sessions at P3, 
11 sessions at T3-
C3 bipolar, 11 











Rozelle 1995 1 male
Young Left internal 
carotid artery stroke
21 sessions of 
Electroencephalographic 
entrainment feedback + 
decrease theta and 
increase beta at Cz, F7, 
T5, C3-T3 bipolar, F7-T5 
bipolar, C4-T4 bipolar, 
P3-T5 bipolar, 
audiovisual feedback
12 sessions Cz, 11 
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sessions T5, 8 
sessions C3-T3 
bipolar, 6 sessions 
F7-T5 bipolar, 4 
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Reddy 2009 1 male
Young Traumatic Brain 
Injury
Increase Alpha and 
Decrease Theta at O1, 















Decker 2014 2 Female Young ADHD
LORETA Z score training 














Pachalska 2012 1 Female
Young Traumatic Brain 
Injury
Increase beta and 
decrease theta at Fz to 











alpha/theta ratio as the biofeedback parameter, and was the only method in this group that used 
bipolar electrodes in this group. Either of these two factors could have led to the null result. 
Some of these studies found that the training had no impact on alpha power (146, 147, 195, 197, 
199), and a few found changes in memory scores despite no change in alpha power (146, 147, 199). 
The study by Bauer et al (182) trained individuals to enter a higher alpha state by biofeedback. The 
memory test was then performed while in this higher alpha state. This was compared to individuals 
who had undergone training but were in a relaxed state and individuals who hadn’t undergone 
training, in a randomised crossover design. It was found that whether individuals were in the 
enhanced alpha state had no impact on memory. Other studies did find that training had an impact 
on alpha power (142-145, 181, 194, 198, 208). This suggests that alpha training in posterior 
electrodes has an impact on memory, regardless of whether self-regulation of that parameter is 
achieved. Training alpha power centrally had equivocal results. 
SMR Training 
The SMR protocol is designed to increase SMR, generally over the primary somatosensory and motor 
cortices. There are seven randomised trials using protocols to increase SMR (146, 148, 150, 151, 193, 
197, 206), and one case study (205). These studies generally used central electrodes, C3, Cz, or C4 as 
training electrodes, in order to target the somatosensory and motor cortices. These studies also 
tended to find that participants had increased memory scores after training. Pavlov et al (197) was 
the only study to use occipital electrodes to train, and did not find increased scores after training.  
There were two studies that used SMR training to influence memory consolidation during sleep. 
Schabus et al (151) used SMR training to increase memory in insomniacs and Hoedlmoser et al (150) 
used a similar procedure to increase SMR in healthy people. Schabus et al found no change in 
memory, but Hoedlmoser et al did with more intensive biofeedback sessions. Also, the particular 
training might be more effective in normal participants.  
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Participants who undergo central SMR training generally show increased scores after the training is 
complete, and this score is often correlated to the change in SMR power. It is not known whether 
this effect is sustained, because long term follow up was not carried out. 
Theta training 
A few studies have looked at the impact of increasing theta power on memory. There are four 
randomised trials (190, 206, 207, 209) that use this biofeedback technique. Enrique et al (190), Wang 
et al (207)  and Xiong et al (209) use anteriorly located electrodes as training electrodes. Vernon et al 
(206) used Cz as the training electrode. Vernon et al found no change in memory scores. Training 
Theta anteriorly appears to have a positive impact on working memory, and may improve verbal 
memory in older people. 
High Frequency training 
There are three randomised trials assessing the effect of training to increase beta (187, 192, 204), 
and two of these randomised trials also assessed the effect of increasing gamma (192, 204). There is 
additionally one case study by Pachalska et al that aimed to increase beta power at Fz (80). Keizer et 
al (192) suggested that training to increase gamma power improved recollection, but in general 
these studies have found that training of these higher frequencies results in increased recognition of 
items, but does not increase unaided recall. 
LORETA Training 
Two randomised trials (184, 189), one internally controlled study (186) and one case study (188) 
used LORETA to increase memory. Cannon et al (184, 186) and DiLoreto et al (189) used LORETA to 
target parts of the cortex involved in the ‘working memory network’ which includes the dorsolateral 
prefrontal cortex (DLPFC). These studies report an increase in working memory when the working 
memory network is targeted.  Decker et al (188) used LORETA to identify areas that were different in 
normal controls to tertiary students with ADHD, and found that one of two cases targeting that area 
resulted in improved memory scores.  
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Real Time fMRI training 
Three randomised trials looked at the effect of real time training of BOLD activity in using fMRI (158, 
159, 161, 188). Two studies targeted the DLPFC. Zhang et al (161) found that after two sessions the 
experimental group had higher digit span scores, but Sherwood et al (159) found no change over the 
control group after five sessions. Scharnowski et al (158) randomised people to one of two groups, 
one where the signal was derived from the Supplementary Motor Area (SMA) subtracting the signal 
from the parahippocampal gyrus (PHC), and the other where the signal was derived from the PHC 
subtracting the SMA. Participants were required to train the signal both up and down. It was found 
that under the increased activity in the PHC condition, participants recall decreased. Studies 
assessing real time fMRI training appears to produce mixed results 
Other training strategies 
A variety of different training strategies have been trialled by researchers. One strategy that appears 
to be successful in improving memory outcomes for some individuals is comparing their EEG to a 
qEEG database to identify the electrode and band most deviant from normal, and using that 
electrode and band as the training parameter. Decreasing the power of theta was an unsuccessful 
biofeedback strategy trialled by Becerra et al (153). 
Comment on Participant selection 
Most studies recruited participants from a young community, without underlying conditions. Often 
these people were undergraduate university students. Seven studies recruited from an older, 
healthy population, but the definition of what constituted ‘old’ varied from study to study. One 
study by Wang et al (207) suggested that older people may have greater clinical outcomes from their 
biofeedback training than a younger cohort.  
Traumatic Brain Injury (TBI) was the most common clinical condition studies (80, 154, 155, 198, 199). 
Thorton and Carmody (155) and Thornton (154) used qEEG database methods for biofeedback, 
whereas Reddy et al (198, 199) used occipital training of theta in two different studies. Both 
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strategies tend to show improvement of memory, even after a significant period of time has passed 
since the TBI occurred. 
Escalano et al (143, 144) has used biofeedback to improve memory performance in individuals with 
major depression. The protocol used is designed to increase upper alpha in posterior regions. This 
strategy appears to improve working memory in both people with major depression and healthy 
individuals (142, 145). 
Another condition which has been targeted for biofeedback training to improve memory is stroke 
(183, 187, 201, 205). The strategy for targeting memory in stroke varied, Cho et al (187) and Toppi et 
al (205) targeted central areas to increase power in the 12 – 18 Hz range, approximating SMR, 
whereas  Bearden et al (183) and Rozelle et al (201) used qEEG database methods. Most methods 
seemed to have an effect on memory outcomes, though Toppi et al found that one of two people 
did not respond to biofeedback training. 
Further individuals with Attention Deficit Hyperactivity Disorder (ADHD) (188), headache (194), 
specific learning disorder (155) and insomnia (151) have undergone biofeedback to improve memory 
outcomes. Only the study on insomnia (151) was a randomised trial, and there was no improvement 
in memory shown in that trial. Biofeedback training in the other conditions generally showed an 
increase in memory, though none of these trials were controlled. 
Discordant memory and EEG scores 
Four studies overall report a significant change in memory scores, but on EEG measures no 
significant difference is found (146, 192, 199, 204). Staufenbiel et al (204) trained the beta band and 
gamma band, and although participants were able to increase the trained parameter, this did not 
correlate with improved memory outcomes.  Keizer et al (192) also trained beta or gamma, but 
found only changes in the beta band correlated with memory outcomes. Guez et al (146) and Reddy 
et al (199) trained the alpha band, but found no changes on qEEG measures. Guez et al also used 
SMR training which was affected by training.  
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Additionally four studies report a significant change in EEG scores, without a corresponding 
improvement in memory scores (151, 153, 182, 195). Lecomte et al (195), Becerra et al (153) and 
Bauer (182) report increased levels of alpha in the experimental group, but no significant 
improvement in memory over controls. Schabus et al reports increased levels of SMR in the 
experimental group, but no change in memory performance (151). 
Detailed Analysis of Randomised Controlled Trials  
There were seven studies included in this analysis. Due the heterogeneity of the studies, only the 
broadest trends can be identified from the data. Table 2-5 shows key characteristics of the studies 
included in the meta-analysis. 
There were four studies that used biofeedback to increase upper alpha (142, 145, 147, 195), 
including Lecomte et al (195) that trained the alpha/theta ratio. Two studies that used biofeedback 
to increase theta (190, 209), and two studies used biofeedback to increase SMR (150, 193). Lee et al 





Table 2-5: Studies included in Meta-Analysis 
 
Figure 2-2 shows a scatter graph of the difference in effect size between the control group and the 
intervention groups against the number of sessions. In general there a tendency toward a downward 
trend (slope = -0.0209, 95% CI -0.34, 0.28), that is with more sessions the difference in effect size 
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Figure 2-2: Number of Sessions vs Difference in Effect Size 
Figure 2-3 shows the difference in effect size against the number of biofeedback sessions per week. 
There does not appear to be an obvious pattern to the pattern of biofeedback and the difference in 
effect size (slope = 0.0025, 95%CI -0.52, 0.53). The outlier on the far right of the graph is Wang et al 
(207), where the pattern of feedback was five sessions in one day.  
 
Figure 2-3: Number of Sessions per Week vs Difference in Effect Size 
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Figure 2-4 shows the difference in effect size against the length of individual biofeedback sessions. In 
general, studies with longer biofeedback sessions does not appear to have an effect on the 
effectiveness of the feedback (slope = 0.0131, 95%CI -0.1718, 0.1980).  
 
Figure 2-4: Length of Biofeedback Sessions vs the Difference in Effect Size 
Figure 2-5 shows the difference in the effect size plotted against the number of participants in the 
study. Studies with larger number of participants should be more reliable.  There does not appear to 
be a relationship between the number of participants and the effect size found (slope = -0.0017, 
95%CI -0.2173, 0.2139). However, it should be noted that all these studies are positive, with a 




Figure 2-5: Total Sample Size vs the Difference in Effect size 
Validity 
Ten studies (143, 146, 148, 158, 161, 190, 192, 206, 207) demonstrated one of either band or 
cognitive specificity, and one of either unique cognitive change compared to a control group or a 
correlation between the cognitive change and the neurofeedback change. Most of the other studies 
examined for this review (35 of 45 studies) did not fulfil the criteria because they did not include any 
information on frequency bands other than the trained bands, or did not include any information on 
aspects of cognition other than memory. 
Of the ten studies demonstrating aspects of validity, three studies used SMR rhythm training. Four 
other randomised trials did not demonstrate these elements of validity for SMR training. Guez et al 
(146)failed to demonstrate group neurological response to the SMR training or alpha training, 
demonstrated cognitive specificity of SMR training to improved paired word recognition, in 
comparison to the alpha training group which had improved associative word task performance. On 
the other hand, Hseuh et al (148) and Vernon et al (206) demonstrated neurological response to 
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SMR training, and both studies demonstrated band specificity. Vernon et al showed that the SMR 
group had increased performance on the span task, and increased recall, but there is no description 
of a correlation between SMR response and either memory test. No study was able to correlate the 
SMR response to a response in the cognitive variables. 
Hseuh et al and Guez et al, along with Escalano et al (143), also demonstrate elements of validity for 
alpha band training. Seven other randomised trials did not show the elements of validity. Escalano et 
al and Hseuh et al show band specificity, but neither shows cognitive specificity. Additionally both 
studies show a correlation between the response to alpha training and improved memory score. 
Guez et al shows cognitive specificity, in that the associative word task score was higher in the alpha 
training group alone.  
Two studies demonstrated validity of the theta feedback. Two other randomised trials did not 
demonstrated validity for theta training. Enrique-Geppert et al (190) showed band specificity, 
because only the experimental group increased their theta power beyond non-specific effects. This 
study also showed that working memory was uniquely increased by this type of training. However, 
Wang et al (207) showed, using a similar protocol, that the modified Sternberg task (a recognition 
task) was uniquely improved compared to a control group.  
Two studies demonstrated the validity of fMRI feedback training. One trial did not demonstrate 
validity for fMRI training. Band specificity is not a relevant concept to fMRI feedback, but the training 
has much greater localising power, and therefore locality specificity has a higher importance. 
Therefore locality specificity was substituted for band specificity in analysing the fMRI studies. Only 
one of the studies demonstrated locality specificity, which was Scharnowski et al (158). This 
demonstrated locality specificity in both the parahippocampal cortex and the supplementary motor 
cortex. This training demonstrated cognitive specificity with word recall, but unexpectedly it was 
decreased PHC activity that resulted in increased recall. Zhang et al (161), in contrast, examined 
working memory, and found that it was uniquely improved by feedback at the dorsolateral pre-
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frontal cortex. Neither of these studies demonstrated a correlation between change in fMRI 
variables and the memory outcomes.  
Keizer et al (192) demonstrated validity for both gamma and beta training. Two other randomised 
trials did not demonstrate validity in high frequency bands. Both training gamma and training beta 
showed band specificity. Gamma training uniquely improved recollection, whereas beta training 
uniquely improved recognition in an Old vs New task. 
Discussion 
Studies looking at biofeedback are extremely heterogeneous, in terms of the biofeedback parameter 
selected, the site of biofeedback, and the assessments used to measure the cognitive effect of 
biofeedback. This means that drawing conclusions from between studies is difficult, and limited to 
ecological observations. Analyses that produced summary measures from all or a large part of the 
studies will have limited value in interpretation. They have been used here to broadly assess the 
parameters which may influence the effectiveness of biofeedback training.   
Several authors produced serial studies of the same procedure, such as Escalano (142-145), who 
tested biofeedback training of posterior alpha in normal healthy participants and in major 
depressions. This group started testing on a healthy sample, then progressed onto an internally 
controlled study with major depression, then a randomised controlled trail with major depression. 
Cannon (184-186) tested LORETA training of the working memory network, starting with a small 
internally controlled trial, then a randomised uncontrolled trial. The precedent in both series is to 
start with a small internally controlled trial.  
There were no studies identified which were designed specifically to assess the use of biofeedback 
to improve memory in people with demonstrated greater than normal for age memory loss. We 
identified some studies looking at biofeedback in older adults, but these tended to recruit either 
from a healthy population, or from a population with a significant neurological condition such as 
stroke. There is a gap in the literature about the use of biofeedback to treat Mild Cognitive 
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Impairment and memory disorders of aging. It is possible that this group would react to biofeedback 
training differently than healthy older adults. 
Common strategies adopted by researchers include posterior alpha training and SMR training. Both 
of these method of biofeedback appear to be able to improve memory scores to some extent. Other 
strategies are less consistently used. Both alpha and SMR training could have an impact on default 
mode network integrity. Alpha band connectivity appears to be important for the functioning of the 
default mode network (113), and alpha band activity from the default mode network could project 
to posterior electrodes. SMR is commonly associated with an ‘idling’ state in the primary motor and 
primary sensory cortices (141), which could represent a resting state in these cortices where the 
default mode network is active. Default mode network integrity is important for memory retrieval, 
both in working memory (210)  and episodic memory (62). Both SMR training and alpha training 
could affect memory scores on neuropsychological testing through affecting default mode network 
integrity. 
There were no strong trends identified from the biofeedback pattern. It might be expected that 
longer feedback sessions, done more frequently for longer might have a strong impact on cognitive 
outcomes. However, no such strong effect could be identified. This suggests that other study factors, 
such as the exact mode and positioning of biofeedback, or the kind of cognitive test that was used, 
have a far greater impact on study outcome. Interestingly, it appears that studies that included more 
biofeedback sessions tended to have lower effect size differences. It could be that the gain in 
memory scores found from biofeedback are achieved in five to 10 biofeedback sessions, and further 
training results in fatigue that interferes with those gains. However, there isn’t any supporting 
evidence for this hypothesis, and the trend that appears in this data could be the result of other 
study factors. 
Interestingly, some studies reported an improvement in memory scores without a corresponding 
improvement in EEG characteristics that were studied (146, 192, 199, 204), or conversely found an 
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improvement in EEG characteristics that did not correspond to an improvement in memory score 
(151, 153, 182, 195). Three studies found an improvement in the alpha band with no improvement 
in the memory score (153, 182, 195), and one study training alpha found no improvement in alpha 
with an improvement in memory scores (199). This would suggest that while alpha training does 
appear to result in improved memory scores in general, the mechanism by which this occurs is not 
necessarily by increasing alpha band power detected by scalp electrodes. There is therefore a need 
to identify other parameters that are more reliable indicators of improved memory, which may 
result in more effective training with consistent improvements in memory shown.  
Internally controlled studies and some of the randomised studies lacked active control groups. Two 
common strategies for active control groups are sham controls or randomised frequency controls. 
Waitlist controls are used as passive controls. The use of active control groups is important to 
biofeedback studies looking at cognition, particularly in older people. Studies involving a high 
number and high frequency of biofeedback sessions creates a social environment for the participant, 
which in itself may have an impact on cognition (211). It is therefore important to subject the control 
group to the same environment as the intervention group. A number of the studies identified in this 
review found increases in memory scores over time, but no significant increases over control group 
(149, 153, 156, 159, 195, 209). This suggests that teams developing biofeedback techniques to 
improve memory should use an active control group early in their program. 
Few studies demonstrated validity as set out by Gruzelier in his three part review of EEG-
biofeedback to optimise performance (138-140). This was most often due to a lack of data regarding 
frequency bands other than the ones that were trained, and failure to assess other cognitive 
domains to demonstrate whether the cognitive change after training has a unique 
neuropsychological profile or not. There is some evidence that SMR training demonstrates specificity 
for recognition performance, alpha training has some specificity to recall performance, frontal theta 
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has some specificity to working memory and fMRI training specificity depends on the voxels selected 




Chapter 3 Methods of Data Acquisition and Analysis 
This chapter contains the methods used for gathering EEG data, general setup of the biofeedback 
apparatus and cognitive data from the Repeatable Battery for the Assessment of Neuropsychological 
Status and 2-back testing. These methods were used in both pilot study conducted in 2015 and the 
randomised trial conducted in 2016. Specific biofeedback parameters and details of the trial design 
can be found in chapter 4 for the pilot study and chapter 5 for the randomised controlled trial. 
Methods for additional analyses done on the data of the randomised controlled trial can be found in 
chapter 6. The equipment used in the pilot study and the randomised controlled trial was the same.  
Cognitive testing 
RBANS 
All participants in both trials underwent cognitive assessment before undergoing the biofeedback 
training and after the biofeedback training, and the participants in the randomised controlled trial 
completed the assessment a third time. Participants were evaluated using the Repeatable Battery 
for Assessment of Neuropsychological Status (RBANS) (212). The RBANS is a series of tests designed 
to be a quick assessment of cognitive abilities in five neuropsychological domains. There are also 
four equivalent versions of the test, which allows for retesting in a short time while minimising 
retesting bias. This is an advantage for this study because the participants were retested 
immediately after the intervention ended, which was between one month and two months after 
they had been first tested. Additionally, we chose to use the RBANS because it does not have to be 
administered by a clinical psychologist, it can be administered by other health professionals such as 
occupational therapists, or doctors (178).  
The RBANS assessment consists of 12 subtests. The scores for these tests can be converted into 
index scores for five cognitive domains. The list of the 12 tests and the different cognitive indices 
they contribute to can be found in table 3-1. A total scaled score can also be calculated from the sum 
of the five cognitive indices. 
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Table 3-1: Tests and Cognitive Indices of the RBANS 
Test Name Cognitive Index 
Word List Immediate Recall Immediate Memory Index 
Story Immediate Recall 
Figure Copy Visuospatial Index 
Line Orientation 
Picture Naming Language Index 
Semantic Fluency 
Digit Span Attention Index 
Coding 
Word List Delayed Recall Delayed Memory Index 
Word List Recognition 
Story Delayed Recall 
Figure Copy Delayed Recall 
 
Description of the RBANS subtests 
Below is a brief description of each of the RBANS sub tests 
Word list immediate recall; the subject is asked to immediately repeat a list of 10 words. There are 4 
trials, and each time the list is read out. 
Story memory immediate recall; the subject is asked to immediately recall a 2 sentence story. There 
are 12 details the subject is marked on. There are 2 trials, and the story is read out each time. 
Figure copy; the subject is asked to copy a figure, and is scored on the accuracy and placement of 10 
details. 
Line orientation; the subject is shown a key with 10 numbered radial lines, and presented with a test 
pair of lines. They are then asked to identify which lines on the key the test pair correspond to. 
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Picture naming; the subject is asked to name ten pictures printed on the test booklet. 
Semantic fluency; the subject is asked to list all the words they can think of within a stated category 
within a minute. For example ‘name as many fruit and vegetables as you can think of in one minute’. 
Digit span; the subject is asked to immediately repeat a sequence of numbers. After each successful 
trial, a new sequence one digit longer is tested. The largest sequence is eight digits long. 
Coding; the subject is given a key with a 9 symbols corresponding to the digits 1 to 9. On the same 
page they are presented with an 81 item random sequence of the symbols in the key. They are 
instructed to decode as many of the symbols, one after the other, as they can in 90 seconds. 
Word list delayed recall; the subject is asked to recall the list that was read out in the immediate 
recall, without prompting. 
List recognition; A list of 20 words is read out, 10 of which are contained in the immediate recall list. 
The subject is asked to identify which of the 20 words was on the original list. 
Story memory delayed recall; the subject is asked to recall the story from the immediate trial with 
one prompting detail. 
Figure recall; the subject is asked to recall the figure copied in the figure copy trial, without 
prompting. 
Test re-test reliability and the RBANS 
The test-retest reliability is the likelihood that a test gives the same result in the case that no true 
change in the underlying variable has occurred. In psychological testing, this is affected by practice 
effects, where participants remember elements of the test when they are first exposed to it, and 
score higher when they are subsequently exposed to the same test. This particularly occurs in tests 
where an optimal strategy can be identified, for example semantic fluency can be influenced by the 
strategy used to generate the words (213). Alternate forms can prevent participants from 
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remembering the content of the test, which can increase the test re-test reliability. However, some 
inflation of the test score still occurs due to participants optimising strategy for particular tasks and 
reduced anxiety due to familiarity with the test procedure (178, 213). 
Alternate form equating studies have shown that Form A and Form B have high test retest reliability 
(178). That means that when tested in a population where change is not expected, the scores in 
each cognitive domain are very similar between Form A and Form B. This means that on repeat 
testing any significant change that may be seen between pre- and post- training scores is less likely 
to be due to repeat testing effects or differences between the forms. 
2-Back 
 
Figure 3-1: Demonstrates the 2 back test. The square appears in a random sequence in a 3 by 3 grid. The 5th position 
requires a response because the blue square is in the same position as it was two steps previously in the sequence 
In the randomised trial, we additionally used a 2-back test to characterise the participants before 
and after biofeedback training. The 2-back test is a short test involving simultaneous attention and 
memory processes, often thought to involve working memory processes (214). A free, open source 
‘n-back’ training program was used for testing the participants (215). The task specifically used in 
this program was position 2-back task. The laptop screen displayed a three by three grid. When the 
program is started, a blue square appears in a sequence of 24 different positions on the grid. The 
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sequence of positions is randomly generated each time the program runs. The objective of the test is 
to respond, by pushing the letter ‘A’ on the keyboard, whenever the current position of the square 
matches the position of the square seen two positions previously. The number of correct matches in 
each sequence is randomly generated between three and 10. Incorrect responses were recorded 
when the participant failed to respond to the correct match, or when they responded to an incorrect 
match. When program was complete, a score is produced. This score is shown in the equation 
below. This score was used to track working memory. 
𝑆𝑐𝑜𝑟𝑒 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑛 𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠
 
 Baseline EEG acquisition in the resting state 
 
Figure 3-2 Electro-caps in position 
 Baseline activity and functional connectivity of the PCC and the DMN is acquired before we started 
on the biofeedback training. We used a 21 lead Mitsar 202 amplifier (Mitsar Co. Ltd, St Petersburg, 
Russia) with electro-caps from Electro-Caps International (ECI International Inc., Ohio, USA (216)) as 
electrodes.   These ‘electro-caps’ are caps with 19 embedded electrodes fitted in the 10-20 system 
(73). The position of the electrodes is demonstrated on Figure 1-6 in chapter 1. Electrode impedance 
was kept below 5 kΩ by using conductive gel on the scalp surface where the electrode contacted the 
skin surface. This gel consists mainly of water and salt, in order to increase the conductance of 
electrical signals to the electrode.  Also, an applicator stick was used to lightly scratch the scalp to 
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further improve the conductance of the electrical signals. The conductive gels was also used on the 
reference electrodes. An additional electrode, located at position Fpz in the 10 – 10 system (74), 
acted as the ground electrode which was used as the reference for the calculation of electrode 
impedance by the Win EEG program (217) .  
Measurements of resting state EEG were taken before the first biofeedback training session, after 
the eighth training session, after the twelfth training session and after the fifteenth training session. 
In the randomised trial it was additionally recorded at a 6 week follow up session. Using this data we 
could compare the resting state EEG data overtime to see if the training was having a significant 
effect on the resting state EEG. The EEG was recorded digitally using WinEEG software, version 
2.89.52 (217). A five minute segment was recorded with eyes closed. The participant was instructed 
to sit quietly with their eyes closed, and not think about anything in particular. In this way we hoped 
to capture the EEG activity in the resting state. The EEG was recorded at a sampling frequency of 
250Hz.  
Processing of the raw data 
The raw data from the EEG recording was exported with a low pass filter of 1.6 Hz, which eliminated 
rhythms of frequencies below 1.6 Hz. A notch filter was also applied to eliminate frequencies 
between 45-55Hz, which is often due to electrical interference artefact.  A high pass filter at 50Hz 
was also applied, which effectively meant the highest frequency recorded was 45 Hz. The raw data 
from the EEG recordings were then processed to remove artefacts like eye movements and muscle 
tension in the muscles of the head. This was done by deleting segments contaminated with eye 
blinks and movement artefacts using EureKa! software (218). After the artefacts were removed, the 
EEG data was only considered valid if at least two minutes of artefact free data remained. This was 
then loaded into the program Independent Component Neurofeedback (ICoN) (219), and blind 
source separation was performed on the data. Examples of the types of artefacts removed by the 
whole process included  
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 High frequency sources indicated by the LORETA key viewer to be located unilaterally in the 
temporal area are most likely to be muscle tension  
 High frequency sources  at high amplitudes located solely in the medial frontal area were 
likely to be artefacts produced by eye movements  
 Spikes restricted to one particular electrode, which are most likely due to movement 
interfering with that electrode 
 Spikes affecting all electrodes simultaneously which are most likely movement artefacts 
Processing of Resting State Data 
The data acquired by the baseline acquisition procedure was loaded into sLORETA and eLORETA 
software (220) to perform source localisation. This software was used to generate a number of 
different analyses of the EEG data. Firstly it was used to generate comparisons of band defined 
activity across the cortex. Secondly it was used to calculate phase lagged synchronisation across the 
whole brain and DMN. Thirdly, it was used to generate time series data of both the band defined 
current density activity in the PCC. Finally it was used to generate the band defined phase lagged 
synchronisation between the left PCC and left Medial Temporal lobe over time. 
Source Localized Activity Maps 
The sLORETA software applies the sLORETA method (see chapter 1 for overview of the sLORETA 
method) in order to perform source localisation. Here, sLORETA software refers to the computer 
program that analyses the EEG data, and sLORETA method refers to the calculations performed on 
EEG data to perform source localisation. 
To generate the comparison of band defined activity in the cortex, EEG data from the first and last 
baseline EEG recording was loaded into the sLORETA software. First, the time series data from each 
of the electrodes was decomposed using the Fast Fourier Transformation, which is a specific method 
of generating a Fourier transform from an oscillating signal (82), using the following frequency bands 
shown in table 3-2. This generates the power, which quantifies the amount of a frequency present in 
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the signal, n each of the frequency bands in each electrode. This data is then processed using the 
sLORETA method to localise current density from the voltage recorded by the electrode sensors. This 
generates a topographical representation of the current density of each frequency band in each part 
of the cortex for that EEG recording. The sLORETA software has an in built statistical package that 
performs permutation testing in each voxel in each frequency band to generate maps of statistically 
significant changes in relative power of current density (221). A voxel defined here is a 5mm x 5mm 
x5mm volumes of grey matter registered to the MNI 125 brain model. The data was processed using 
this statistical package as follows. The activity from the first resting state EEG recording is subtracted 
from the final resting state recording, in order to generate a topographical map of the difference in 
power in each frequency band between the last and the first resting state EEG recording. A full 
discussion of permutation testing is contained in the statistical procedures section below.  
Table 3-2: sLORETA defined frequency bands 
Name of Frequency Band Band range (Hz) 
δ 0 – 4 Hz 
θ 4 – 8 Hz 
α 1 8 – 10 Hz 
α 2 10 – 12 Hz 
β 1 12 – 19 Hz 
β 2 19 – 25 Hz 
β 3 25- 31 Hz 
Ω (full power band) 1 - 31 Hz 
 
Whole brain connectivity maps 
For generating the whole brain connectivity map, the preloaded ROIs for 88 Brodmann’s areas (44 
left sided and 44 right sided areas), which are available as part of the sLORETA software, were used. 
ROIs were registered to the Montreal Neurological Institute (MNI) coordinates, which are derived 
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from an average of 152 MRI scans in healthy adults. This model can be used to generically define 
brain regions without the need for high resolution brain imaging (222). Using this model, any point in 
the brain can be defined consistently in three dimensional Cartesian space.  The MNI coordinates of 
these regions of interest can be found in Table A-2 in Appendix A2. The software took the artefact 
free EEG data and performed source localisation using the sLORETA method for the coordinates that 
were predefined. This generates a source localised activity stream for each of the coordinates, which 
is then decomposed into the frequency bands as defined above in table 3-2. This results in a source 
localised activity stream in each frequency domain for each specified coordinate. The software then 
compared each frequency domain at each coordinate for phase lagged synchronisation. The final 
output is a series of matrices which plot the functional connectivity between each of the predefined 
coordinates, one matrix for each frequency domain.  
Default Mode Network Connectivity Maps 
For the analysis of DMN connectivity, the 11 MNI coordinates  given in (223) were used, which are 
shown in table A-1 in appendix A1. The DMN coordinates were selected from a meta-analysis of 
fMRI based studies, which did not include medial temporal lobe structures. As mentioned in the 
introduction, it is thought that the parahippocampal cortex links the medial temporal lobe memory 
centres to the default mode network (224). Because of the importance of functional connectivity in 
memory networks to aMCI pathology, parahippocampal coordinates were added to the DMN 
analysis. The coordinates for these were obtained from an  fMRI based study of resting state 
connectivity of the DMN (224). The MNI coordinates for these regions of interest can be found in 
Table A-1 Appendix A1. To calculate the DMN connectivity of an EEG, the current density for each 
voxel at each of the 11 DMN coordinates was generated at all time points. The phase lagged 
synchronisation of each of the coordinates to each of the 10 other points was then calculated. 
Using the in-built statistical package in the sLORETA software, the connectivity of the last resting 
state EEG was compared to the first resting state EEG. The program did this by subtracting the 
connectivity of the first resting state EEG from the connectivity of the last in order to generate a 
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series of differences. The significance of the connectivity changes was tested by permutation testing. 
The details of the permutation testing are given in the statistical procedures section below. These 
were then used to generate images showing the change in connectivity between those two time 








Participants were invited to participate in up to 15 biofeedback training sessions. We used a Mitsar ® 
202 amplifier with electro-caps to acquire EEG data which was processed on a Toshiba® Techra ™ 
laptop computer. The computer had a 15.6 inch screen, and was positioned approximately 40 to 
50cm from the participant. The screen has a resolution of 1366 by 768 pixels, and refreshes at 60Hz. 
The processor had an Intel ® Core ™ with a processing speed of 2.50 x106 Hz. 
The EEG was sampled at a frequency of 500 Hz. Braintuner © biofeedback software (225) generated 
the biofeedback visual display generated in real time from the EEG.    
Biofeedback Training Setup 
 
Figure 3-4 Display of the biofeedback training program. The blue bar represents the parameter we are training. The 
participants are instructed to try and keep the blue bar on the top half of the screen. The percentage in the top right hand 
corner is the cumulative percentage of the time that the bar has spent in the top half of the screen in the current phase of 
the program. 
The EEG data was source localised in real time using the sLORETA method, so that we could target 
the feedback to the PCC. The biofeedback parameter was source localised to activity in five voxels 
located in the left ventral PCC, as this is the part of the PCC most strongly connected with memory 
(226). The MNI coordinates x=-5, y=-50 and z=10 were used being the centre of the cluster of voxels. 
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Additional voxels were selected at (x, y, z) = (-4,-50, 10), (-6,-50, 10), (-5,-49, 10) and (-5,-51, 10) to 
represent just the ventral PCC, and so better target the memory network. 
 
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑟 =
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑒𝑠 4 − 14𝐻𝑧
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑒𝑠 20 − 40 𝐻𝑧
 
The parameter used for the 2015 pilot study was to maximise the ratio between the power of 
frequencies between the ranges 4Hz to 14Hz and 20Hz to 40Hz. That is, the parameter would be 
maximised if the power of the frequencies in the 4Hz to 14Hz was high, and the power of the 
frequencies in the 20Hz to 40Hz range was low. The equation above shows the formula for 
calculating this ratio. This was calculated in real time and displayed as the height of the vertical bar 
on the laptop screen, which is seen in Figure 3-4. The display is separated vertically into two halves. 
A threshold was set at the beginning of the training session as the goal to improve the biofeedback 
parameter, see threshold setting below. The threshold is represented as the junction between the 
two halves of the screen, the lower half of the screen is values below the threshold, and the upper 
half of the screen is above the threshold. Participants were instructed to try to maintain the height 
of vertical bar in the upper half of the screen. 
The bar was refreshed every 0.125 sec, and calculated as the average value of the parameter over 
the previous four seconds. Deviations of the EEG recording of greater than 120μV in any of the 
electrodes resulted in the suspension of calculation of the biofeedback parameter, and freezing of 
the visual display, as it was assumed that any activity over 120 mV was artefact.  Active updating 
occurred when the electrode potential returned to between -120μV to 120μV.  
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Training session design 
 
Figure 3-5: The process of one biofeedback training session 
Figure 3-5 demonstrates one biofeedback training session, with a total training time of 36 minutes. 
Each training session consisted of six cycles of training with each cycle having two parts, a training 
phase and a resting phase. Each training phase lasted five minutes. During the training phase the 
vertical bar was active and the participant was encouraged to raise the vertical bar during this time. 
Interspersed were resting phases lasting one minute. During the resting phase the bar was not 
active, and participants were encouraged to take a break from concentrating on the bar. The 
software continued to record the EEG and plot the training parameter for later analysis.   
Setting the threshold for the biofeedback parameter 
In the first biofeedback training session, the threshold was set. As the program begins, it displays the 
recording of the raw EEG data, and below plots a line graph of the biofeedback parameter. For the 
parameter used in the pilot study, see chapter 4, or for the parameters used in the randomised 
controlled trial, see chapter 5. This graph can be used to adjust the threshold by dragging the 
threshold marker up and down. The threshold was set to such a level so that the parameter would 
be over the threshold value approximately 30% of the time. That is, the bar would be in the top half 
of the screen for 30% of the training phase.  This was done so that the participant’s internal reward 
systems would be activated when the bar reached the top half of the screen and facilitate the 
learning process of the feedback. The cumulative percentage of the time the parameter spent above 
the threshold value was displayed on the top right hand side of the screen. If the participant reached 
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the target threshold less than 15% of the time during one training phase, the threshold would be 
manually reduced by one unit in the following resting phase. The amount of change represented by 
that unit was determined by the Braintuner © software, increments in an approximately exponential 
stepwise fashion. For example moving one unit down if the threshold was set at two reduced the 
threshold to 1, but moving one unit down if the threshold was set at 15 moved the threshold to 12. 
If the participant reached threshold more than 45% of the time during a training phase, then the 
threshold was raised by one unit during the following resting phase. 
The threshold at the beginning of each training session would be set at two units below the 
threshold of the last cycle of the previous biofeedback session. This was so that the participant could 
quickly retrain to the level of the parameter reached before, while also reorienting themselves to 
the biofeedback task.    
In-Training Data 
While undergoing the biofeedback training, the Braintuner © software also generated an EEG 
recording of the raw EEG data being collected by the electro-cap before processing for biofeedback, 
which could be separately analysed later. This was not resting state, but rather task positive data, 
because the person is engaged in the sensory task of watching the biofeedback screen.  
The in training recording was taken from the first five minute training phase. The placebo group in 
the randomised trial did not have an EEG recording that was marked with the different phases of the 
biofeedback training, so the first five minutes was defined as the recording between 33 seconds and 
333 seconds. This first five minutes of EEG was used for analysis, except where the recording had too 
many artefacts to generate two minutes of artefact free data. Artefacts which may have caused a 
whole five minute segment to be rejected included malfunctioning electrodes and movement 
artefacts particularly those generated by the ear electrodes. In this case, the second five minute 
training phase was used. If the second five minutes was also unusable, the third five minute training 
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phase was used. Where none of the data in the first half of the training were usable, EEG biomarkers 
for that timeframe were not calculated.  
Recordings were also analysed for the last five minute training phase. For the placebo group, this 
was defined as 1433 seconds to 1733 seconds on the recording. Where the last five minute training 
phase could not be used due to artefacts, the 5th training phase was used. Where the 5th training 
phase and the last training phase could not be used, the 4th training phase was used. So the EEG 
biomarkers generated from the in training recordings represent the brain states in the first half and 
last half of the training session. These biomarkers can be used to track within sessions and between 
session effects on the EEG. 
Analysis of the In-training data 
We analysed the in-training EEG data using the sLORETA software. First the software decomposed 
the data into the separate frequency domains as described above in Table 3-2. The current density 
was then calculated for each frequency at each voxel, similarly to the analysis of the resting state 
data described above.  The source localised data for one voxel was taken, the central voxel in the 
cluster we were training, located at MNI coordinates (x, y, z) = (-5, -50, 10). The power was then 
calculated in that voxel in the each of the separate frequency domains. The activity in the different 
domains could then be plotted over time with respect to the number of sessions completed, as we 
had processed EEG data for the first five minute training phase and the last five minute training 
phase for each participant in each biofeedback session. The theta, alpha 1, alpha 2 and beta 1 
frequency bands were selected for plotting over time because those were the bands the 
biofeedback was targeting 
An index measure of connectivity was taken to track changes in connectivity over time, as follows. 
The connection between the PCC and the left parahippocampal gyrus appears to be important to 
memory (118), and so we used the phase lagged synchronisation between these two parts of the 
brain as an index for changes in connectivity. We took the MNI coordinates for the PCC as (x, y, z) = 
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(-5, -50, 10), the centre of the cluster of voxels we trained, and the MNI coordinates of the left 
parahippocampal gyrus as (x, y, z) = (-22, -26, -21) (224). We input the EEG data into the sLORETA 
software, performed source localisation using the sLORETA method for the coordinates that were 
pre-defined as above. This decomposed the activity into the frequency bands δ, θ, α1, α2, β1, β2, β3 
and Ω, and then compared each frequency domain at each coordinate for phase lagged 
synchronisation, similarly to the resting state data. This generated a measure for the phase lagged 
synchronisation between the PCC and the parahippocampal gyrus in each frequency domain at each 
time point. We plotted the phase lagged synchronisation for these two coordinates in the theta, 
alpha 1, alpha 2 and beta 1 domains over time. 
 
Figure 3-6 Shows the processing pipeline for the in-training EEG data 
Measurements of Cross Frequency Coupling 
Power to power correlation 
Measurement of cross frequency coupling was done using the resting state data from prior to the 
first training session and after the last training session. Using the sLORETA software, the EEG data for 
each participant was Fourier transformed to find the power of discrete frequency bands one Hz 
wide. The first frequency band was 0.5Hz to 1.5Hz, the second 1.5Hz to 2.5Hz continuing on until the 
last band which was 43.5Hz to 44.5Hz. This was then source localised using the sLORETA method. 
Then, the power of those frequencies specifically for the PCC was obtained by selecting the power in 
the voxel with MNI coordinates (x, y, z) = (-5, -50, 10). This produced a list of the power in each of 




Figure 3-7: Graphical display of the matrix of correlation coefficients 
The power output was then assembled into a matrix in MATLAB ® (227). The each row in the matrix 
was the list of power of frequencies for one participant, and the columns represent a single discrete 
frequency band across participants. We used the correlation coefficient function in MATLAB® for all 
the frequencies in the matrix. This generated a new matrix of correlation coefficients. This was then 
displayed graphically, for example see Figure 3-7 above. Two matrices are generated, one from the 
pre training EEG recording, and the other from the post training EEG recording. Each matrix was 
processed individually. The pre and post matrices were displayed side by side to identify regions in 
which the correlation coefficient between different frequencies had changed over the course of the 
training. The correlation coefficient can be interpreted as the degree to which those two frequencies 
occur together, yellow areas represent high correlation and blue areas represent low correlation. 
High correlation can occur between discrete frequencies whether or not they are physiologically 
coupled, unlike phase amplitude coupling.  
Phase Amplitude Coupling 
Once the data were produced and regions of changed correlation coefficients were identified, a 
more sophisticated analysis of phase amplitude coupling was carried out on those regions. This was 
done to assess the cross frequency coupling without a priori assumptions about what frequencies 
would be involved in the coupling. To do this we took the resting state data for both the pre training 
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and post training EEG, and applied the sLORETA method to source localise activity at every time 
point in the recording. Then we used the same MNI coordinate as above, (x, y, z) = (-5,-50, 10), to 
retrieve the source localised activity in the ventral PCC over time.  
This stream of activity was loaded into the EEGLAB toolbox in MATLAB®. This data was then 
processed through the ‘phase amplitude coupling add-on tool’ in the MATLAB® EEGLAB toolbox. This 
takes the Hilbert transform (228) of frequencies in a defined low frequency range to generate 
instantaneous phase, and the Hilbert transform of frequencies in a defined high frequency range to 
generate the instantaneous amplitude of the high frequency waves. These were used to generate 
the modulation index (229), and the mean vector length (230). Both of these statistics measure the 
degree with which the phase of the low frequency wave affects the amplitude of the high frequency 
waves. These can be interpreted as the degree of phase amplitude coupling.  
We also repeated this procedure for the phase amplitude coupling of theta (4-8 Hz) to low gamma 
(32-45 Hz). We used the tool to assess the modulation of amplitude in the 4-8Hz band on the 
amplitude of in the 32-45 Hz band. This kind of theta gamma coupling may be important to memory 
function (112), so this was assessed using the toolbox as well as cross frequency coupling in between 
frequencies without a priori assumptions.   
Statistical Procedures 
Statistical tests for cognitive testing data and phase amplitude coupling data were performed in 
SPSS® version 22 (IBM Corp). For the specific data analysis procedure for the pilot study see chapter 
4, for the randomised trial see chapter 5. 
Statistical tests for the sLORETA activity and connectivity were performed by the statistical package 
in the sLORETA software package. Statistical tests in the software are used to determine the 
statistical significance of changes in the power of defined frequency bands in all voxels between time 
periods for measures of activity, and the statistical significance of changes in connectivity between 
time periods for measures of connectivity. These were performed using permutation testing. 
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Permutation testing is a non-parametric method for assessing significance of activity in 
neuroimaging studies. It involves swapping the labels attached to data around to test whether there 
is any impact on outcomes. Significant results are changed by swapping labels, insignificant results 
are not (221). For changes in current density activity, the log of the F statistic for each voxel is 
calculated. This happened for each voxel in each of the defined frequency bands. The label on these 
voxels, whether they were the pre training or post training recording for example, was randomised 
5000 times. This generated a threshold for the post training recording over which the log of the F 
statistic had a 5% probability of occurring by chance. It can be inferred that the direction of change 
in significant statistics is the same as the direction of change in current density, and the magnitude 
of the change was proportional. 
For connectivity changes, a t –statistic generated for the connection between each pair of ROI in 
each defined band range was similarly randomised 5000 times to generate a statistical threshold  
against which the probability of that statistic occurring could be compared.   
For the in-training time series data that was produced, the correlation coefficient was calculated for 
each participant in each frequency band. These were combined to find an average correlation 
coefficient to find the average strength and direction for change in that band. This data was tested 
using the two sided t-test where the assumption of normality was met, to compare the average 
correlation coefficient to 0. Where the assumption of normality was not met, the Wilcoxon signed 
rank test was used to compare the median to 0. The null hypothesis both cases was that the average 
correlation coefficient was 0. Where this was rejected, this indicated that there was a significant 
trend in that frequency band for that condition. Where a significant trend was identified, the 
regression coefficient and coefficient of determination ass reported. This process was applied to the 
in-training activity time series and the connectivity time series in the theta, alpha 1, alpha 2 and beta 
1 bands. This process was also applied to the resting state time series generated from plotting the 
84 
 
indices from the pre-treatment recording, and resting state recordings from after the eighth, 12th 




Chapter 4 Pilot Study 
Method 
Aim of the Pilot study 
This pilot study has three main aims. The primary aim of the trial is determine whether source 
localised feedback of the PCC can change source localised EEG characteristics of people diagnosed 
with aMCI. 
The secondary aim of the trial is to determine whether source localised feedback of the PCC can 
change scores on objective memory testing after a training program is completed. 
The tertiary aim of the trial is to determine whether source localised EEG biomarkers can predict any 
change in objective memory scores.  
Participants 
We aimed to recruit 10 to 12 participants diagnosed as having aMCI into our trial. Biofeedback as an 
intervention for aMCI has not been tested before, so there is no empiric data of possible effect size 
for a formal power calculation. However, a recent trial of the same kind of source localised 
biofeedback has been done in tinnitus (134) and this suggests that 10 participants was sufficient. To 
recruit participants into the study, we asked for referrals for those had undergone psychometric 
testing with a neuropsychologist and been diagnosed with aMCI.   These were patients who had 
undergone assessment at Dunedin hospital clinics in the neurology and older person’s health 
service. Exclusion criteria were other neurological conditions such as strokes, multiple sclerosis or 
Parkinson’s disease. Mild psychiatric symptoms did not lead to exclusion.   Major psychiatric 
disorders requiring treatment, such as major depression requiring anti-depressants, or with 
psychotropic agents were excluded. People who qualified for a diagnosis of established dementia 
under the NINCDS-ADRDA criteria were also excluded (231).    
Participants had to be physically and mentally able to participate in one hour biofeedback sessions. 
Participants had to be able to see an object eight cm wide and one cm tall at a distance of 50 cm, so 
86 
 
people who had vision problems that prevented this were also excluded.   After being referred, hard 
copy study information was posted out followed up by a phone call within seven days to enquire as 
to whether they would be interested in enrolling.  
Participants’ age, sex and years of formal education were recorded at the initiation of the study. 
Information about their past medical history and current medications was also collected after 
participants were recruited into the study. 
Participants had to be able to come to the Dunedin Public Hospital for up to 15 sessions, once every 
two days. This meant that feasibly, participants were drawn from the greater Dunedin area, who had 
reliable access to transport. Several potential participants were located in the lakes district area, in 
Wanaka and Alexandra. However, they were not invited into the study due to the distance they 
would need to travel. One participant was recruited in South Otago, from the area around Balclutha. 
These participants were visited in their home at their preference instead of driving to Dunedin for 
every session.  
Participants were given $20 grocery vouchers at each biofeedback session as a token of appreciation 
for their time. 
Design of the Pilot study 
During the first session, the participants were first introduced to the equipment and the procedure 
for the study, followed by written informed consent.  Participants then underwent cognitive testing 
using the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) version A. An 
initial resting state recording was taken for five minutes. After the resting state recording was taken 
the biofeedback training was started. 
The biofeedback parameter for this study was designed to train up the power of theta and alpha in 
the posterior cingulate cortex (PCC), and train down the power of beta. The height of the bar in the 




𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑟 =  
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 4 − 14 𝐻𝑧 𝑖𝑛 𝑃𝐶𝐶
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 20 − 40 𝐻𝑧 𝑖𝑛 𝑃𝐶𝐶
 
 
Participants were encouraged to try and increase the level of the bar, without indicating any 
strategies. All participants underwent training of the same MNI coordinates (x, y, z) = (-5, -50, 10), (-
4,-50, 10), (-6,-50, 10), (-5,-49, 10) and (-5,-51, 10), and the same frequency. No control group was 
recruited for this pilot study.  
The participant came in for 15 biofeedback training sessions. Participants were invited to come in for 
biofeedback training three to four times a week. Where participants were unable to attend a 
scheduled session, that session was skipped and added to the end of the sequence, rather than 
rescheduling another biofeedback session in the same week. Only participants who completed all 15 
sessions were included in the analysis. 
Resting state EEG recordings were taken after the biofeedback training was completed on the 8th, 
12th and 15th session. After the 15th training session was completed, and the last resting state 
recording was taken, the participant underwent cognitive testing again, using the RBANS version B.   
Data analysis was carried out according to the procedures laid out in chapter 3.  
Exit Interview 
As each participant completed their last training session, a short exit interview was taken. Three 
main questions were asked: 
1. What strategies did you find helped to increase the level of the bar displayed on the 
screen? 
2. Did you notice any changes to your memory after doing the biofeedback training? 
3. Did you experience any adverse effects as a result of doing the biofeedback training? 
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Participants’ responses were compared to identify any similarities that characterised the experience 
of biofeedback. 
Data summary 
The following data was collected from the participants. 
 Age 
 Sex 
 Approximate total years in formal education 
 Presence or absence of neurological disease or psycho-active drugs as indicated by the 
participant themselves or through medical records 
 Pre training RBANS 
o Individual subtest data 
o Combined Indices data (see chapter 3 for details) 
 Baseline eyes closed five min EEG 
 Resting state eyes closed recordings at session 8, 12, and 15 
 In training EEG at every session 
 Post training RBANS 
 Exit interview responses 
Ethics and locality approval 
This study was approved by the University of Otago Human Ethics Committee. Approval to conduct 
the study in the Southern District Health Board locality was obtained through Health Research 
South. 
Statistical Analysis 
The cognitive indices from before training were compared to those cognitive indices after training 
using the paired t test, where the assumption that the differences are approximately normal was 
met. Where the differences were not approximately normal the Wilcoxon sign ranked was applied. 
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Statistical significance was set at p=0.05 for all tests. Similarly, before and after effects were 
assessed for the phase amplitude coupling data using paired t tests or Wilcoxon sign ranked where 
appropriate. 
Statistical significance for the sLORETA current density maps, whole brain connectivity and DMN 
connectivity were assessed using the in-built statistical program in sLORETA, as described in chapter 
3. Methods for the processing of the in training data and generating the cross frequency correlation 
plots are also described in chapter 3. 
Some additional exploratory analyses were done in order to generate hypotheses to explain some of 
the changes seen in the immediate memory score. Subjects were split into ‘responders’, who had a 
change in the immediate memory score of greater than 10, and ‘non responders’ who had a change 
in the immediate memory score of less than 10. Responders were then compared to non-responders 
in the baseline RBANS test scores and indices, change in RBANS test scores and indices, correlation 
coefficient of in-training current density, and correlation coefficient of in training phase lagged 
synchronisation, and change in phase amplitude coupling. Statistical significance was assessed with 
Wilcoxon signed rank test.    
Results 
Participant Characteristics 
A total of 17 subjects were identified as meeting our inclusion criteria. Four subjects were identified 
using existing clinical records, two were referred by geriatricians from the Older People’s Health 
service of Dunedin Public Hospital, one subject was identified through the Neurology service of 
Dunedin Public Hospital and 10 subjects were identified through the Neuropsychology service of 
Dunedin Public hospital. Thirteen subjects agreed to participate in the trial and had at least one 
session of biofeedback training. Three subjects chose to discontinue the biofeedback training before 
they completed 15 biofeedback sessions. In one of these subjects, other health issues prevented the 
participant continuing the study, one participant discontinued the trial because the trial was too 
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tiring, and one participant objected to the electro-gel. Ten subjects completed all biofeedback 
sessions and completed both cognitive assessments. The data following refers only to those 
participants who completed all 15 biofeedback sessions and both cognitive assessments 
 
Figure 4-1: Source of participants and loss to follow up 
 Nine participants resided in the Dunedin City area, one participant resided in the Clutha District 
area. Basic characteristics of the participants are listed in table 4-1 below. 
Table 4-1 : Baseline characteristics of participants 
Characteristic Mean (SD) Range 
Sex 5 Female: 5 Male  
Age 72.7 (9.6) 60-88 
Years of Education 13.6 (3.5) 10-18 
 
All participants demonstrated low levels of white matter damage on neuroimaging from their 
medical records, which is compatible with probable Alzheimer’s pathology. One participant 
demonstrated white matter damage on neuroimaging that was marginal evidence of a vascular type 
pathology. Another participant was started on rivastigmine patches while on the trial. Sensitivity 




Group level changes 
Results of the participant’s cognitive testing with the RBANS are listed in table 4-2. The table 
includes scores for both the individual tests and the cognitive indices calculated from the individual 
test scores. The RBANS A score is the score from pre training cognitive assessment, and the RBANS B 
score is the score from post training cognitive assessment. The difference column is the RBANS B 
score minus the RBANS A score. 
Focussing on the cognitive indices, the participants scored lowest in the immediate memory index 
and delayed memory index, consistent with an amnestic Mild Cognitive Impairment.. These two 
indices also showed the biggest changes of any of the indices after the training, but still remained 
lower than the other indices. 
Differences between scores were sufficiently normally distributed in most instances to use a paired t 
test to calculate statistical significance of the differences in the scores below. However, coding score, 
list recall score, attention index and delayed memory index difference scores were not sufficiently 
normally distributed. Hence, a Wilcoxon signed rank test was used instead to calculate statistical 
significance. These results are reported in table 4-3. 
The list learning, story memory, immediate memory index, delayed memory index and total scale 
index showed statistically significant differences between the pre training cognitive test and the post 
training cognitive test. There were increases after biofeedback training for all of these scores. No 
other statistically significant differences were seen.  
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Table 4-2 : Cognitive testing scores from before training (RBANS A) and after training (RBANS B). Statistically significant 






RBANS assessment RBANS A Score  
Mean (SD) 
RBANS B Score 
Mean (SD) 
Difference  
(95% CI)  
Significance 
List Learning 18.2  (3.4) 21.8 (3.3) 3.6 (0.2, 7.0) p=0.041 
Story Memory 10.2 (4.5) 13.7 (3.0) 3.5 (0.4, 6.5) p=0.031 
Figure Copy 18.5 (1.1) 18.5 (1.6) 0 (-1.0, 1.0) p=1.000 
Line Orientation 17.0 (2.7) 17.0 (2.8) 0 (-1.8, 1.8) p=1.000 
Picture Naming 9.50 (0.67) 9.50 (0.92) 0 (-0.6, 0.6) p=1.000 
Semantic Fluency 15.7 (4.2) 14.2 (2.6) -1.5 (-4.7, 1.7) p=0.312 
Digit Span 9.70 (2.2) 10.3 (2.4) 0.6 (-0.5, 1.7) p=0.239 
Coding 36.4 (10) 34.0 (9.4) -2.4   
List Recall 1.40 (1.5) 1.60 (1.6) 0.2  
List Recognition 15.2 (3.3) 16.2 (3.0) 1 (-0.8, 2.8) p=0.299 
Story Recall 3.80 (3.5) 4.60 (3.6) 0.8 (-0.6, 2.2) p=0.233 
Figure Recall 5.70 (5.4) 6.50 (5.1) 0.8 (-0.4, 2.0) p=0.153 
Immediate Memory Index 73.1 (12) 85.5 (8.1) 12.4 (3.6, 21.1) p=0.011 
Visuospatial Index 107 (15) 108 (20) 1.1 (-6.5, 8.8) p=0.754 
Language Index 92.4 (12) 88.1 (7.4) -4.3 (-9.5, 0.9) p=0.092 
Attention Index 95.7 (15) 93.3 (12) -2.4 (-12.4, 7.6)  
Delayed Memory Index 61.8 (19) 69.1 (21) 7.3   





Table 4-3: Median Scores for the RBANS A and RBANS B for variables which are insufficiently parametric for a paired t test. 
Statistically significant differences are in bold. Significance was assessed using a Wilcoxon signed rank test 
RBANS 
Assessment 
RBANS A Score 
Median 
RBANS B Score 
Median 
Difference Significance 
Coding Score 35.5 32.5 3.0 p=0.777 
List Recall Score 1.00 1.00 0.0 p=0.750 
Attention Score 94.0 95.5 1.5 p=0.875 
Delayed Memory 61.5 68.5 7.0 p=0.016 
 
Individual level changes 
The most consistently increased variable between the participants is the immediate memory index, 
followed by the delayed memory index. A few individuals have large changes on the attention index. 
Individuals with moderate or large increases in the immediate memory index (greater than or equal 
to 10 points) tended to have small increases or no change on the delayed memory index. Individuals 
with small changes in the immediate memory index (less than 10 points) tended to have moderate 
to large changes on the delayed memory index. See table 4-4 for details. 
Figure 4-2 has the individual’s change in score between pre and post testing, for each of the 
cognitive indices. There is large variability in change scores between individuals on an inter-








Table 4-4: Participants’ change in immediate memory index and change in the delayed memory index 
Participant Change in Immediate Memory 
Index 
Change in Delayed Memory 
Index 
Participant 1 5 4 
Participant 2 -7 24 
Participant 3 14 4 
Participant 4 20 0 
Participant 5 32 0 
Participant 6 25 0 
Participant 7 13 2 
Participant 8 20 12 
Participant 9 0 10 
























sLORETA Activity Changes 
There were no statistically significant changes found in the sLORETA activity comparing the post 
training resting state EEG to the pre training resting state EEG. Diagrams showing the voxels with the 
largest magnitude of change in each frequency band can be found in Figure B-1 in Appendix B1.  
sLORETA Connectivity Changes 
Whole Brain Connectivity using 88 Regions of interest 
There were statistically significant decreases in connectivity found in all bands. No statistically 
significant increases in connectivity found in any band Diagrams of the statistically significant 
decreases can be found in figure B-2 in Appendix B2. The greatest number of decreased connections 
was found in the delta band. Changes in connectivity at the regions around the PCC are seen in the 
delta, theta, alpha 1, beta 2, beta 3 and omega frequency bands. The alpha 2 and beta 1 frequency 
bands show the least decrease in functional connectivity, and this decrease is localised around the 
frontal region of the brain. 
Default Mode Network Connectivity using 11 Regions of Interest 
The ROIs chosen are listed in Table A-1 in appendix A2 and are the result of a meta-analysis on the 
components of the default mode network (223) and including the parahippocampal gyri (224).There 
were few statistically significant differences found in the phase lagged synchronisation between the 
regions of interest in the default mode network. A significant increase was found in the theta band 
right inferior parietal lobule and the left middle temporal gyrus.  In the alpha 1 band, there was a 
statistically significant decrease in the phase lagged synchronisation of the left middle frontal gyrus 
and the left inferior parietal lobule. In the beta 1 band, there was a statistically significant increase in 
functional connectivity between the right middle temporal gyrus and the right inferior parietal 
cortex. No other statistically significant increases or decreases in phase lagged synchronisation were 
found. The diagrams showing these changes can be found in Figure B-3 in appendix B3 
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sLORETA indices for tracking change over time 
Activity measures 
The activity measure was average current density in each of the theta, alpha 1, alpha 2 and beta 1 
band in the PCC at each session. The activity in the PCC in the theta, alpha1 alpha 2 and beta 1 
frequency bands was measured over time for the first five minutes and last five minutes of each 
biofeedback session. Graphs displaying the activity in each participant in each session are displayed 
in Figures B-4 to B-7 in Appendix B4. A significant trend emerged in the Alpha 1 band. The average 
activity increased with session number (β=0.0039, r2=0.033, p=0.028 Wilcoxon signed rank test). See 












Activity in the PCC in the theta, alpha 1, alpha 2 and beta 1 frequency bands was also measured for 
each of the resting state EEGs that were taken. These were taken at session 1, session 8, session 12 
and session 15. The graphs for each participant’s activity at each time point can be found in Figures 
B-8 to B-11 in Appendix B5. No significant trends were found in the resting state data.  




The phase lagged synchronisation between the PCC and the left parahippocampal gyrus was 
calculated. In each session the phase lagged synchronisation was calculated for the first five minutes 
and the last five minutes of each session. No significant trends were found in connectivity for each 
participant over time, see Figures B-12 to B-15 in Appendix B6.  
The phase lagged synchronisation between the PCC and the left parahippocampal gyrus was 
calculated for each of the resting state EEGs (sessions 1, 8, 12 and 15). The graphs showing the 
connectivity for each participant over time can be found in Figures B-16 to B-19 in Appendix B7. 
A table of the statistical tests done on the correlation coefficient for each condition in each 
frequency band can be found in Table B-2 in Appendix B8. 
Frequency Cross Correlation 
The cross frequency correlation is displayed graphically below in Figure 4-4 below. Yellow represents 
frequencies that are positively correlated. This means that they occur together more frequently than 
average. Blue represents frequencies that are negatively correlated. This means that frequencies 
occur less frequently together on average. The image on the left of Figure 4-4 displays the cross 
frequency correlation of the resting state EEG taken on session 1. The image on the right of Figure 4-
4 represents the cross frequency correlation of the resting state EEG taken on session 15.  
  
Pre Training EEG Cross Frequency Correlation Post Training EEG Cross Frequency Correlation 
Figure 4-4: Cross Frequency Correlation with the pre training resting state EEG and the post training resting state EEG 
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In the pre training EEG, high frequencies (above 20Hz) tend to have a positive correlation with other 
high frequencies. Low frequencies (below 20Hz) tend to have a positive correlation with other low 
frequencies. High frequencies tend to have a negative correlation with low frequencies.  
A similar pattern can be seen in the post training EEG. However, the higher frequencies that 
correlate to each other tend to be above 15 Hz, rather than 20 Hz as in the pre training EEG. The 
pattern of cross frequency correlation has changed between the post training EEG and the pre 
training EEG. 
To look at the change in cross frequency correlation we took the pre training cross frequency 
correlation matrix and subtracted from the post training cross frequency correlation matrix. Figure 
4-5 represent the cross frequency correlation of the session one EEG subtracted from the session 15 
EEG. Yellow represents an increase in cross frequency correlation after training and blue represents 
a decrease in cross frequency correlation after training. In green areas no appreciable change has 
occurred. 
 
Figure 4-5: The change in cross frequency correlation 
An increase in cross frequency correlation occurred in the coupling of the ranges 15 to 20 Hz with 20 
to 44 Hz. A decrease in coupling has occurred of the ranges 5 to 15 Hz with 15 to 20 Hz. Elsewhere 
there is no appreciable change.  
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Phase Amplitude Coupling 
Three analyses were done using mean vector length to calculate the phase amplitude coupling. The 
cross frequency coupling of 4 to 8 Hz with 32 to 60 Hz, in line with our a priori assumptions. We also 
calculated the phase amplitude coupling of 5 to 15 Hz with 16 to 20 Hz, and the phase amplitude 
coupling of 15 to 20 Hz with 25 to 40 Hz. These final two couplings were suggested to be significant 
by the cross frequency correlation map. Results of the calculation using mean vector length are 
listed in table 4-5 below. 
Table 4-5 : The phase amplitude coupling before and after training. Significance was calculated using paired t tests 









4-8 Hz with  
32 to 60 Hz 
0.432 (0.11) 0.451 (0.098) -0.0308 p=0.482 
5-15 Hz with 
16 to 20 Hz 
0.0565 (0.030) 0.0627 (0.031) 0.00624 p=0.532 
15-20 Hz with 
25 to 40 Hz 
0.167 (0.080) 0.147 (0.090) -0.0206 p=0.432 
 
There was no significant change in phase amplitude coupling measured by mean vector length in any 
of the pairings assessed.  
Participants’ Experience of Biofeedback 
Participants did not identify a single strategy to influence the biofeedback parameter. Most 
participants identified not concentrating on the bar, but concentrating on other objects or tasks as a 
strategy that they employed to change the height of the bar. Two participants identified counting as 
a strategy they employed. Three participants specifically mentioned not focussing on the bar, and 
101 
 
focussing on or thinking about different things. One participant mentioned squinting as a part of 
their strategy, another participant mentioned raising their eyes as part of their strategy. Only two 
participants said they concentrated on the bar in order to raise it above the threshold on the display. 
Three participants said that the training might have had a noticeable effect on their memory. One of 
these participants was sure that his memory had improved as a result of the training, the other two 
were uncertain but thought that the training could have had an impact. One participant said that 
they had not noticed any change to their memory, but mentioned that their spouse thought that 
their memory had improved. All other participants did not notice any changes to their memory. 
The only adverse effect noted from the training was tiredness. Four of the 10 participants mentioned 
tiredness on days that they had done a training session. Two of these claimed that they experience 
moderate levels of tiredness on days they completed a training session, the other two only claimed a 
mild tiredness after completing a training session. No other adverse events were noted. 
Post Hoc Analysis of Responders and Non Responders 
On the immediate memory index, which is the variable that has the greatest change after the 
biofeedback training, seemed to have a bimodal distribution. There appears to be a group of non-
responders, where the change in the index is less than ten points, and a group of responders, where 
the change in the immediate memory index is greater than ten points. See Figure 4-6. 
The group of responders, defined as those who had an improvement in immediate memory of more 
than 10 points, were compared to the group of non-responders to identify factors which might 
influence the response to training. Factors which differed significantly between the responder group 
and the non-responder group are presented in table 4-6. Differences were calculated by subtracting 
the median from the non-responders from the responders. Therefore, negative differences variables 



















Table 4-6: Differences between Responders and Non-Responders. Significance was calculated with Wilcoxon Signed Rank 
Variable Median in Responders Median in Non- 
Responders 
Difference Significance 
Baseline Immediate Memory Index 70.5 84.0 -13.5 p=0.043 
Difference in Before and After 
Delayed Memory Index 
1.0 13.5 -12.5 p=0.038 
Regression Coefficient of Activity in 
Alpha 2 band and Session Number 
-0.0255 0.0119 -0.0374 p=0.038 
Regression Coefficient of 
Connectivity in Alpha 2 band and 
Session Number 
-0.000950 0.000000 -0.000950 p=0.038 
 
The non-responders had a higher baseline immediate memory index. As mentioned before, the non-
responder group experience more improvement in the delayed memory index than the responder 
group.  
The regression coefficient of activity in the PCC in the alpha 2 band over time tended to be more 
positive in the non-responder group than the responder group. This means that participants who 
had a trend toward higher activity after the biofeedback training tended to be in the non-responder 
group. Similarly the regression coefficient of connectivity between the PCC and the left 
parahippocampal gyrus in the alpha 2 band over time also tended to be more positive in the non-
responder group than the responder group. This means that participants with a trend toward 






 There was a significant increase of 12.4 points in the immediate memory index from baseline 
(p=0.011) 
 There was also a significant increase of seven points in the delayed memory index (p=0.016) 
 The average Alpha 1 activity in the PCC during training increased over time (β=0.0039, 
p=0.028) 
 Three participants indicated that the training might have had an impact on their memory. 
The most common adverse effect was tiredness, experienced by four participants.  
Primary and Secondary Aims 
Primary Aim 
Our primary aim was to assess whether the phase lagged synchronisation of the PCC to the rest of 
the default mode network and particularly the parahippocampal gyrus could be improved with 
biofeedback training. Certainly the connectivity of the default mode network was altered by the 
biofeedback training. There were statistically significant decreases and increases in the default mode 
network. However, there were no statistically significant increases in the phase lagged 
synchronisation in the theta and alpha bands between the PCC and the other default mode network 
nodes, nor the parahippocampal gyrus in particular as was hypothesised.  
There were changes in connectivity seen around the whole brain when 84 regions of interest were 
selected for analysis. It is possible that the training does have an impact on network changes in the 
default mode network that are sub-threshold. Notably, when analysis is expanded to the 84 regions 
of interest, the PCC is involved with changes in connectivity in most frequency bands. With a larger 
sample, it may be possible to extract more data about what is occurring in the default mode network 




Our secondary aim was to assess changes to measures of memory. This was to see if the biofeedback 
had a clinical effect on memory. The participants scored poorly on the immediate memory index and 
the delayed memory index of the RBANS, in both the pre training and the post training assessment, 
in line with what other studies have found characterises this group (232).  Participants appeared to 
have difficulty with recall, rather than with encoding of memory. This is indicated by the relatively 
high list recognition scores compared with the list recall scores on both the RBANS A score and 
RBANS B score.  
There was a significant increase in both the immediate memory and the delayed memory indices 
after the participants had completed their training. No other statistically significant changes were 
noted in the other indices measured by the RBANS.  Furthermore, the increase in immediate 
memory for the group was 12.4 points. The RBANS indices are designed using a standardising 
population have a mean of 100 and a standard deviation of 15 (212). This means an effect size of 
12.4 would be considered a ‘large’ effect size, and represents a clinically significant improvement in 
memory. There was a smaller increase in the delayed memory index of 7.3 points, which was 
statistically significant. This index is the most affected index in the RBANS by aMCI (233), and was 
lowest index score achieved by our cohort.  
The biofeedback training seemed to have a specific effect on memory. Other indices which assessed 
other cognitive domains did not show significant or high magnitude changes. Because aMCI is 
diagnosed on the basis of isolated memory impairment (122), this suggests that this biofeedback 
training program has some specificity to improving memory outcomes in aMCI.  
Tertiary aim 
Our third aim was to identify sLORETA markers which could be used to track changes in future 
clinical trials. Of all the markers assessed in this study, only one was found to be statistically 
significant. This was the activity in the PCC in the alpha 1 band from the in-training EEG over time. It 
was found to increase with the number of sessions. There was no significant change in any other 
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activity or connectivity measures assessed. Measures of cross frequency coupling that were assessed 
in this study also did not change significantly. 
A linear regression was performed on the alpha 1 activity in the PCC from the in-training EEG data. 
However, a logarithmic regression could potentially be fitted to data. A linear regression was chosen 
due to the underlying complexity of the individual participant’s data. The method used to assess the 
statistical significance of the average trend could only assess a linear regression, because linear 
regressions were fitted to the individual participant’s curves. Using the method to calculate the 
statistical significance described, it would be inappropriate to fit a logarithmic curve the to the 
individual participant’s curves.  
Responders vs Non Responders 
The data was separated out by whether people had a large increase in the immediate memory index 
(greater than 10 points) or did not have a large increase (less than 10 points). Six people were placed 
in the responders group and four people were placed in the non-responders group. This study was 
not powered to generate conclusions from this type of post hoc exercise, this was purely hypothesis 
generating. 
The two groups were compared on baseline characteristics to find predictors of whether a 
participant would respond or not. The pre training immediate memory index was found to be a 
predictor of whether a participant was in the responders group or not. The responders tended to 
have a lower baseline immediate memory index. This result could be due to regression to the mean; 
however it could also be that the responsiveness of the immediate memory index to the 
biofeedback training is modulated by the severity of the of the memory deficit. 
Responders and non-responders were also compared on outcome variables, to see if the outcomes 
of training were different. It was found that non responders has a greater increase in the delayed 
memory index. In fact, most of the increase seen in the delayed memory index in the group analysis 
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is attributable to individuals who did not have large increases in the immediate memory index. It 
would appear that the change in the memory indices is dependent on each other.  
The two groups also differed on some of the sLORETA indices. In particular, the groups differed on 
the regression coefficient of activity in the alpha 2 band in the PCC over time, and the regression 
coefficient of connectivity between the PCC and left parahippocampal gyrus over time. In both 
cases, participants in the non-responders group were more likely to have a positive trajectory in 
these variables. If this result is repeated in larger studies, these could be used as biomarkers to 
assess whether biofeedback protocols are successful. 
Memory and Biofeedback training 
The PCC has been implicated in both episodic memory and semantic memory retrieval (59, 234). The 
default mode network is also strongly involved in memory retrieval (234). A recent study suggested 
that interactions between the PCC and medial temporal lobes system consolidate memory for 
greater recall accuracy (235). Training of the PCC through source localised biofeedback appears to be 
able to increase immediate and delayed recall, and so may be able to modulate this system. 
However, we were unable to demonstrate a bio marker on our EEG data that would account for the 
changes seen. This may be due to the low signal to noise ratio of EEG data and the limited number of 
participants who took part in this study. A larger study with more participants may be able to 
demonstrate EEG changes with changes in memory score. 
Changes in the RBANS indices could also be explained by changes in the interactions with the 
working memory system. The working memory system  stores a small number of items for recall 
after a short time, independent of the medial temporal lobe storage system (38). A 2012 fMRI study 
found that resting state connectivity within the DMN predicted subsequent performance on a 
working memory task, and also that stronger anti-correlation of the DMN and the working memory 
network predicted improved performance on the working memory task (210). Therefore changes in 
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memory performance could also be explained through modulation of the DMN in working memory 
tasks. 
The immediate memory score is likely to measure a composite of working memory capacity and 
medial temporal lobe memory systems.  The tasks that contribute to the immediate memory index 
are immediate in nature, drawing on the working memory capacity. However the length of task and 
the retention interval of both the list learning task and story memory task exceed theoretical 
working memory capacity, and the immediate memory index derived from these two scores is 
therefore supplemented by the medial temporal lobe encoding of memory (39). The immediate 
memory index therefore reflects in part the working memory capacity and in part the longer term 
retrieval system in the medial temporal lobe. Both the immediate memory index and delayed 
memory index appear to be affected by memory impairment, as both are low in this participant 
group compared to their other cognitive indices.  
It is interesting to note that participants with changes in the immediate index seemed to have no 
change in the delayed memory index, and participants with changes in the delayed memory index 
experiencing little change in the immediate memory index. It is possible the effect of the 
biofeedback is modulated by the working memory capacity of the participant. Participants with low 
working memory have increased capacity as a result of the biofeedback training, but the medial 
temporal lobe memory retrieval network is unaffected, and hence do not experience improvement 
in delayed memory. Likewise, participants with high capacity working memory do not increase their 
working memory capacity, but experience a change in the connectivity between the PCC and medial 
temporal lobe, resulting in improvement of delayed memory, but do not improve immediate 
memory significantly because there is no change in working memory.  
Potential Sources of Bias 
As discussed earlier, there were potential sources of bias in this study. In particular, one participant 
was started on rivastigmine patches during the trial. Rivastigmine is a cholinesterase inhibitor 
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generally used to treat Alzheimer’s disease. Its use in aMCI is discouraged, because it has not been 
proven effective to prevent the onset of dementia, nor improve cognitive scores (236). A sensitivity 
analysis was carried out, using multiple imputation to generate 20 different values for change in 
immediate memory score. 19 out of the 20 simulations demonstrated preservation of the significant 
improvement in the immediate memory index. Twelve out of 20 simulations demonstrated 
preservation of the improvement in delayed memory index. This would suggest that the 
improvement in the immediate memory index demonstrated in this trial is robust to the presence of 
this cholinesterase inhibitor. 
Limitations in the use of the RBANS Tests 
A limitation in this study is that every participant was assessed on the RBANS A form for their pre 
training assessment and assessed on the RBANS B form for their post training assessment. This has 
the potential to introduce test specific bias into the study. However, this is not expected to play a 
significant role in the results of this study because the tests have high reliability between the forms 
(178). The subsequent controlled trial detailed in chapter 5 and 6 randomised which form is used to 
assess pre training cognition, to eliminate this potential source of bias. 
Design of the Biofeedback protocol 
The design of the biofeedback protocol came out of a study of biofeedback in tinnitus patients (134). 
They found that source localised training of the PCC did not alter the subsequent activity of the PCC, 
but rather altered the connectivity. Thus this technique could be applied to MCI in order to reverse 
the changes in connectivity cause by AD pathology. We used a very similar protocol to the one used 
in the tinnitus study, which is not necessarily optimised for the MCI cohort or for training source 
localised activity in the PCC in general. Several observations made during the training procedure 
suggest that other protocol designs should be investigated. 
The current protocol is designed to up-train the power of the frequencies between 4 and 14 Hz. This 
includes both the theta and the alpha band. There is evidence to suggest that default mode network 
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connectivity occurs in the alpha frequency band (113). Furthermore, significant changes in the EEG 
were found in the alpha band, and not in the theta band as predicted. A biofeedback protocol that 
took the source localised alpha activity only of the PCC as a feedback parameter may be more 
effective at training the connectivity and hence achieve a better outcome in terms of memory. It is 
possible that using a narrower band for biofeedback will make it easier for participants to gain 
voluntary control over the parameter, and so improve the participants’ response to training. 
Generalisability 
As recognised from the beginning, this study was a pilot study to assess the feasibility of this 
intervention as a treatment for MCI. Our sample size was small due to the limitations of the 
population we were working with. The sample consisted of men and women over the age of 60, all 
ethnic European New Zealanders. Therefore, the results of this study suggest that the training would 
have efficacy amongst New Zealanders with MCI over the age of 60. Additional data would be 
needed to assess whether the training would be effective in people with MCI who were younger, 
between 40 and 60 years old, for example. The study was not powered to assess sex or ethnicity 
effects on any of the measures used to assess the training.  
Conclusion 
In this sample of 10 people undertaking 15 sessions of source localised biofeedback training, there 
was no significant increase in connectivity between the PCC and the rest of the default mode 
network, nor the parahippocampal gyrus in particular. However, participants showed improved 
memory outcomes after completing the training, suggesting that this kind of biofeedback method 
could be effective in treating the symptoms of MCI.  
On the basis of this conclusion, a randomised trial was designed and carried out. This trial was 
designed to address four main issues arising from this pilot study. These are 
1.  Address whether training a narrower band of frequencies would have any effect on the 
effectiveness of the training.  
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2. Address whether the result may be generalizable to a more heterogeneous cohort.  
3. Differentiate the effect of working memory from the effect of the medial temporal lobe 
system 
4. Randomise the RBANS form to correct for any form specific bias   




Chapter 5 Randomised Controlled Trial of EEG biofeedback in 
Memory Impairment 
Aims 
The randomised controlled trial was designed to address four main aims: 
1.    To test source localised EEG biofeedback in a population with mild memory problems against a 
placebo biofeedback training.  
2.  To compare two forms of the biofeedback, broadband versus narrowband, to see if the 
biofeedback training effectiveness can be optimised.  
3. To test the effectiveness of biofeedback training in a general cohort of older people with mild 
memory deficits, which is a more common scenario than the strict definition of amnestic MCI.  
4.  To discover/identify EEG based biomarkers that can track memory improvement and decline in 
response to the biofeedback training 
Trial design 
This trial had a randomised controlled design, where participants were randomised equally into one 
of three groups. These three groups were 
1. Broadband feedback group, using identical parameters to the pilot study 
2. Narrowband feedback group, using a narrower range of source localised frequencies as the 
feedback parameter 
3. A placebo feedback 
Statistical power 
We aimed to gather data on 45 people completing 15 sessions of biofeedback training, resulting in 
15 participants in each group. Using the data from the pilot trial, a sample of this size would have an 
80% chance of detecting a difference of 12 on the RBANS immediate memory index between the 
groups. This difference would be a clinically significant change in memory. Changes of less than 10 




Ethics and locality approval 
This study was approved by the University of Otago Human Ethics Committee. Approval to conduct 
the study in the Southern District Health Board locality was obtained through Health Research 
South. The trial was registered with the Australian and New Zealand Clinical Trials Register, 
registration number ACTRN12616001731482.  
Participant recruitment 
Participants were recruited from the Dunedin general public through advertising. The study was 
advertised on posters in Dunedin Hospital and other public places around Dunedin. Advertisements 
were placed in the free local newspaper the Star©. Participants were also invited to participate from 
the Brain Health Research Centre’s healthy brain list, which is a list of people who have disclosed no 
neurological disorders, who have indicated a desire to be involved in brain related research at the 
University of Otago. Participants were also asked to invite anyone who they may have thought 
would be interested in this study to volunteer for this study. The recruitment criteria were  
1) Participants be over the age of 40 
2) Have no history of dementia 
3) Have no history of significant neurological and psychiatric disease 
Participants were asked to verify whether they had any neurological disease. They were included in 
the study if they had a history of depression or anxiety but were not currently on medication. 
Participants were excluded if they disclosed current use of psychiatric drugs, had Parkinson’s 
disease, multiple sclerosis, a history of epilepsy, bipolar disorder, schizophrenia, a history of stroke, 
motor neuron disease.   
Volunteers were invited to come in for a screening session which lasted about an hour. During this 
time the volunteers were administered and RBANS test, were administered a 2-back test three 
times, and where time allowed, a resting state EEG recording was also taken. If a participant who 
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had an EEG done was subsequently invited to take part in the biofeedback training, this recording 
would be their baseline resting state recording. If the participant entered the biofeedback training 
and didn’t have a resting state recording taken, this would be recorded at the initial biofeedback 
training session before the first biofeedback session was initiated. If the participant had a resting 
state recording, and wasn’t subsequently invited to take part in the biofeedback training, this 
recording would go into a normative EEG database, called the ‘normal brain’ controls, which could 
be used to characterise participants who completed the biofeedback training.  
Participants were invited to take part in the biofeedback training if they scored at 90 or below on the 
immediate memory index of the RBANS test. This cut off was designed to separate people with mild 
memory issues that may be picked up in a general practice setting from older adults with normal 
memory for their age. The NINCDS-ARDA criteria for aMCI often require a memory deficit of 1 to 1.5 
standard deviations below age matched normal values (30). The immediate memory index in the 
RBANS is designed to have an average of 100 and a standard deviation of 15 according to the 
standardising population (178). This means that participants scoring 90 on the RBANS are 0.67 
standard deviations below the aged matched normal value. Participants in this trial are therefore 
less impaired than people diagnosed with aMCI. This criteria does not match research or clinical 
criteria for Mild Cognitive Impairment; however it does indicate a cohort of older adults with 
objectively reduced memory capacity, which may be amenable to treatment.  
RBANS 
Participants were initially randomised onto either form A or form B, in a counter balanced designed 
so that equal numbers of volunteers would be randomised to be screened on either form A or form 
B. For follow up testing, a 1-2-1 design was followed. For example, a participant who was initially 
randomised to form A would be tested on form B at immediate follow up, and at the 6 week follow 




Participants who scored 90 or less on the immediate memory of the RBANS were immediately 
randomised into one of the trial arms. The online tool at randomizer.org (237) was used to generate 
three lists of random numbers. The first two lists, labelled list A and list B have 12 blocks of three 
numbers. Each block in list A and list B will have a 1, a 2 and a 3 in it, in a random order. List A was 
assigned to the sex of the first participant to commence biofeedback training, and list B was assigned 
to the other sex. 1 assigns the participant to ‘broadband’ biofeedback, 2 assigns the participant to 
‘narrowband’ biofeedback, and 3 assigns the participant to placebo biofeedback. The first number in 
each block was assigned to the first participant of each sex. When each block was completed that 
block was discarded and the next block was used. 
The third list, list C consists of three blocks of three numbers each. As above, each block contains a 1, 
a 2 and a 3, with assignations as above. This list was used to randomise participants who use 
cholinesterase inhibitors regardless of sex.  
This randomisation procedure in theory results in three equal groups, with equal proportions of men 
and women. This randomisation procedure can reliably produce equal sex matched groups under 
the condition that participants who are lost to follow up present approximately equally in each 
group and are made up of equal proportions of each sex, and the number of cholinesterase inhibitor 
users is low.   
Trial groups 
Participants were randomised into one of three groups 
1) Broadband feedback group 
2) Narrowband feedback group 
3) Placebo feedback group 
The broadband feedback supplied to the broadband feedback group was the same biofeedback 
training as was in the pilot study. The parameter used for biofeedback is given in the equation 
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below. The height of the vertical bar on the screen was derived from the power of theta and alpha in 
the PCC, as calculated by sLORETA. This was included in the randomised trial to replicate the findings 
of the pilot study in the new cohort, and also to make the findings of the pilot study comparable to 
the control group of this study. 
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑎𝑟 =  
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 4 𝐻𝑧 − 14 𝐻𝑧
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 20 𝐻𝑧 − 40 𝐻𝑧
 
 
The narrowband feedback group used the same Braintuner © program (Mitsar Co Ltd, St Petersburg, 
Russia) as the broadband feedback group, but the output of program trains a narrower range of 
frequencies with the parameter used shown below in the equation below.   The parameter was 
derived from only the power of alpha in the PCC. This parameter was selected for two reasons. 
Firstly, it was hypothesised that a narrower range of frequencies would be easier to train for the 
participants, and therefore might produce further gains in memory compared to the broadband 
training. Secondly it is suggested that the alpha frequency connectivity is the most important 
frequency for default mode network integrity (113). 
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑟 =
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 8 𝐻𝑧 − 14 𝐻𝑧
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 20 𝐻𝑧 𝑡𝑜 40 𝐻𝑧
 
Finally a placebo feedback group was also included. The placebo feedback program displays to the 
participant a vertical blue bar of similar dimensions and colour of the bar displayed to the two 
biofeedback groups. However, the height of the bar was determined by a random number 
generator. This random number generator generated numbers in a normal distribution pattern, at a 
rate of five times a second. The distribution was set such that the bar would spend approximately 
35% of the time in the top half of the screen. While this was occurring, a simultaneous EEG recording 





Figure 5-1: Comparison of the user interface of the placebo biofeedback on the left and the genuine biofeedback on the 
right 
Figure 5-1 demonstrates the display differences between the placebo program and the Braintuner © 
biofeedback program. The placebo program was designed to match the appearance of the 
Braintuner © biofeedback display on the laptop the feedback was administered on. Due to an 
artefact of the laptop’s display, the placebo feedback and genuine feedback appeared identical on 
the laptop screen, but appears darker in Figure 5-1 above. The placebo feedback program and the 
Braintuner © program differed substantially in their capabilities, such that a participant exposed to 
both programs would easily notice the difference and become un-blinded. Blinding was maintained 
by preventing participants viewing the interface of the program they were not assigned to. The 
desktop icon of the placebo program was masked with the image of the desktop icon of the Brain 
Tuner program, in order to make this blinding believable. 
Exit tests and follow up 
At the 15th session of biofeedback training, the participants completed their final biofeedback 
training, and had a resting state recording taken. Next, the RBANS was administered again, using the 
different test version to the one the participant was initially randomised to. This was to minimise 
repeat testing effects as described in chapter 3. The 2-back test was then administered three times. 
Finally the participants completed a short exit interview where they were asked: 
1. What strategy they used to try and increase the level of the bar 
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2. Whether they had noticed any improvement in their memory in day to day life 
3. Whether they had noticed any adverse effects, particularly fatigue after completing a 
training session 
The participants were then invited to come back for a final follow up session. This session happened 
approximately six weeks after the final biofeedback training session took place. During this session 
the participants underwent cognitive testing with the RBANS, using the form they were initially 
randomised to, and the 2-back test three times. A final resting state recording was taken as well. A 
flow diagram showing the trial design is given in Figure 5-2. 
Statistical Analysis 
Data 
The following data was collected from the participants: 
 Baseline RBANS 
o Test scores and combined indices 
 3 trials of the 2-back test 
 Baseline 5 minutes eyes closed EEG 
For participants selected for randomisation, the following data was also collected 
 In-training EEG at each biofeedback session 
Figure 5-2: Design of the Randomised Trial 
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 Resting state eyes closed EEG recordings at sessions 8, 12 and 15 
 Session 15 RBANS 
o Test scores and combined indices 
 Session 15 2 – Back 
 6 week follow up RBANS 
o Test scores and combined indices 
 6 week follow up 2 – back 
 6 week follow up resting state eyes closed EEG recording 
Analysis 
The following analysis procedures were planned. 
Stage 1: Baseline age and years of education of the participants were compared using a 1-way 
ANOVA test, to check the effectiveness of randomisation.  
Step 2: The significance of changes in RBANS test scores and cognitive indices between the baseline, 
post training, and 6 week follow up was assessed using a mixed effect model, using time and 
randomisation as factors. 
Stage 3: Baseline EEG data from the randomised participants was compared to the EEG data from 
the normative (normal brain) database. For details on EEG analysis techniques, see chapter 3. EEGs 
in the normative database were listed in order of date taken. Randomised participants were 
matched to the first participant in the normative database on the list which matched the following 
criteria 
a) Same sex as the participant 
b) Age was the same as the participant ±2 years, provided that EEG was taken from someone  
within the same 10 year age bracket (40-49, 50-59, 60-69, 70-79, 80-89, 90+) 
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c) A second round of matching match the remaining participants to other participants within 
the same age bracket 
d) Participants in the biofeedback training groups who did not have a match after the second 
round of matching were ejected from the analysis below 
The participants who matched these criteria formed the ‘normal brain’ comparison group. 
The following comparisons were planned between the randomised participants EEG data and the 
matched EEG data 
 Current density maps 
 DMN connectivity 
The current density maps and default mode connectivity maps, the threshold for significance was set 
at p=0.05, which is significant at the group x frequency band level. 
Step 4: Perform repeated t-tests within each group separately to compare the pre training RBANS 
scores to the post training RBANS scores. Also, repeated t-tests were used to compare the pre 
training RBANS scores to the 6-week follow up scores. 
Step 5: With in each group separately, use sLORETA to find the significant changes in the post 
training resting EEG compared to the pre training resting EEG in the current density maps and 
default mode network connectivity. 
Similarly, within each group separately compare the 6 week follow up EEG to the pre training EEG.  
Step 6: Assess for significant trends within each group in the in training data, specifically assessing 
the correlation coefficient and regression coefficient of change in current density and change in 
phase lagged synchronisation of the PCC and parahippocampal gyrus, as defined in chapter 3.  
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Because eight comparisons were being performed for each group in each condition (resting and in-
training), a Bonferroni correction on the significance was performed. The significance was therefore 
set at 0.00625 for the t-test assessing whether the correlation coefficient was significantly different 
from 0.  
The resting state data used to generate the trend in current density in the PCC and the phase lagged 
synchronisation of the PCC to the MTL does not include data from the 6 week follow up resting state 
data, but as outlined in chapter 3, contains data from resting state data taken at baseline, the 8th 
session, the 12th session and the immediate follow up on the 15th session. If a statistically significant 
trend was identified, then the same process was repeated again with the 6 week follow up session 
included at a time point labelled 16. The correlation before and after was compared. If no 
statistically significant trend was found in the resting state data, an average was taken of the first 
four data points (pretraining, session 8, session 12 and session 15), and a repeated t test was used to 
see whether the point 16 differed from the average of the first four points. In this way, we were able 
to see whether the resting state EEG changed during the training, or changed after the training. This 
was Bonferroni corrected for four bands so the final significance is corrected to 0.0125. 
Within-session change was calculated by averaging the change in the parameter over every session 
of training. For example, for a particular individual to calculate the within session change in the theta 
band, in each session the theta band current density in the PCC in the first five minutes was 
subtracted from the last five minutes. Then the average of that value across all sessions was 
calculated. This variable was compared to 0 using a one sample T-test to assess whether any group 
demonstrated the ability to self-regulate the activity in the PCC during feedback. A Bonferroni 






223 volunteers took part in the initial screening session, 142 women and 81 men. Of these 
participants, 68 scored below 90 in the immediate memory index score, with 31 women and 37 men. 
Of these 53 completed all 15 biofeedback training sessions and completed the RBANS and 2-back 
assessment at session 15. 52 people took part in the 6 week follow up RBANS assessment and 2-
back. The analysis of the groups in the trial is restricted to the 53 participants who completed all the 
training sessions. A summary of the recruitment is presented in Figure 5-3 below. 
 
Figure 5-3: Recruitment of participants into biofeedback training 
Baseline Characteristics 
Baseline characteristics of volunteers 
Volunteers were predominantly recruited through placing advertisements in the free local 
community newspaper, the Star ©. Approximately 100 people were recruited through this method. 
Eighty people were recruited through the Brain Health Research Centre database, a list of people 
held by the Brain Health Research Centre who are predominantly free of neurological disease who 
agree to be contacted to take part in research being carried out at the Centre. Approximately 10 
people were recruited through actively contacting community groups such as Rotary and Lions clubs. 
The remainder were recruited advertising on posters displayed on community notice boards, word 
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of mouth, and flyers distributed at community events such as the Brain Health Research Centre Brain 
Day.  
The mean age of volunteers who presented for screening was 65.2 years old. Ages ranged from 40 to 
93 years old. The mean years of education was 15.2 years. 112 were screened using the RBANS A 
form and 111 were screened using the RBANS B form. 
The mean scores on the RBANS indices at screening are shown below in table 5-1. 
Table 5-1: Mean RBANS index scores for all screened volunteers 
RBANS index Mean Score Range (min, max) 
Immediate Memory 98.4 53, 129 
Visuospatial 108.5 53, 136 
Language 101.6 60, 132 
Attention 103.3 72, 150 
Delayed Memory 101.3 40, 127 
Sum of Index scores 513.2 322, 651 
Total 103.5 55, 148 
 
The volunteers as a group scored high on the visuospatial index compared to the rest of the indices. 
Participants also tended to score highly in the attention index, with no participant scoring below 72 
on that index. The lowest possible score in the indices is 40, which was scored in the delayed 
memory index by two people. The mean score on the final two trials 2-back test was 51.5%. 
Analysis of RBANS subgroups 
112 volunteers were randomised to RBANS A at baseline, and 111 were randomised to RBANS B. 
Table 5-2 below shows the score in each RBANS subtest and index for the volunteers in each group. 
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Table 5-2: RBANS scores for all screened volunteers separated by RBANS form 
 RBANS A group 
Mean (SD) 
RBANS B group 
Mean(SD) 
Age 64.9 (10.45) 65.5 (10.28) 
Number of Women (%) 77 (68.8%) 65 (58.6%) 
Years of Education 15.3 (2.70) 15.2 (2.47) 
 
List Learning 26.7 (5.13) 27.7 (4.63) 
Story Learning 15.0 (3.83) 17.4 (3.25) 
Figure Copy 18.9 (1.45) 18.5 (1.64) 
Line Orientation 17.4 (2.46) 17.4 (3.01) 
Picture Naming 9.5 (0.73) 9.7 (0.95) 
Semantic Fluency 22.8 (4.95) 19.7 (4.60) 
Digit Span 10.6 (2.20) 10.7 (2.57) 
Coding 45.9 (10.08) 44.8 (9.73) 
List Recall 5.5 (2.28) 6.1 (2.25) 
List Recognition 19.1 (1.41) 19.2 (1.30) 
Story Recall 7.8 (2.65) 9.5 (2.35) 
Figure Recall 14.4 (4.14) 14.4 (3.42) 
Immediate Memory Index 94.4 (14.67) 102.2 (13.57) 
Visuospatial Index 109.5 (14.87) 107.5 (15.46) 
Language Index 104.1 (11.81) 99.0 (10.36) 
Attention index 103.8 (14.29) 102.8 (14.54) 
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 RBANS A group 
Mean (SD) 
RBANS B group 
Mean(SD) 
Delayed Memory index 99.6 (14.68) 103.3 (13.92) 
Sum of Indices 511.3 (50.00) 515.0 (44.92) 
Total Scale Index 103.2 (14.08) 104.0 (13.92) 
Average last two 2-back 52.0 (24.41) 50.5 (26.93) 
 
 
The volunteers who were initially randomised to the RBANS form A performed worse on the List 
Learning, Story Learning and Story recall subtests. The volunteers on RBANS A also performed worse 
on the Immediate Memory index and Delayed memory index, and performed better on the 
Language index. 
68 volunteers qualified to take part in the biofeedback training, by scoring below 90 on the 
Immediate Memory index. 42 qualified using the RBANS A form, and 26 qualified using the RBANS B 
form. The characteristics and baseline scores of those who qualified to take part in the biofeedback 
training, are presented in Table C-1 in appendix C1. 
Among people who qualified to take part in the study, the differences between the RBANS scores 
tends to be smaller than between versions A and B among the whole cohort. Importantly the 
difference in the immediate memory index between versions A and B among participants who 
qualified for the training was smaller than for the cohort as a whole. However, people on version A 
did score less on average on the immediate memory index. The people randomised to RBANS A 
scored higher in the visuospatial index than people on RBANS B, and this difference was bigger than 
that seen in the whole cohort. 
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Baseline characteristics of Volunteers in the ‘normal brain’ controls 
70 volunteers who scored above 90 on the immediate memory index of the RBANS had EEG 
recordings taken. After the matching procedure described above, 47 volunteers were matched to 
the participants in the biofeedback training. Fifteen of these completed RBANS form A and 32 
completed RBANS form B.  The baseline characteristics of these participants is listed in Table C-2 in 
Appendix C1. 
The ‘normal brain’ controls had more years of education on average than participants in the 
biofeedback trial. As would be expected from the screening procedure, the ‘normal brain’ controls 
scored high on the immediate memory and delayed memory indices, scoring 107.9 and 107.1 
respectively. 
Seven participants were ejected from the subsequent analysis on account of not having a match in 
the ‘normal brain’ controls. Two participants were from the broadband feedback group, three 
participants were from the narrow band feedback group and two participants were from the 
placebo feedback group. 
Reasons for non-completion of the trial 
Fifteen people took part in the screening test, and qualified to take part in the biofeedback training, 
but either chose not to participate or only completed a few sessions of biofeedback before pulling 
out of the study. This is shown by the recruitment flow diagram in Figure 5-3 above. Of these, two 
had pulled out for supervening medical reasons, although these did not meet our exclusion criteria. 
Four cited the time commitment as being excessive, one objected to the use of the EEG gel. The rest 
did not cite a reason for pulling out of the trial, or were lost to follow up. 
Baseline characteristics of participants in the trial 
Of the 53 people who completed all 15 biofeedback sessions, 33 were screened on RBANS A and 20 
were started on RBANS B. Table 5-3 below shows the baseline characteristics of the 54 participants 
who completed all 15 sessions of the biofeedback training. 
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Table 5-3: RBANS index scores for 53 participants who completed all 15 training sessions 
 Group total RBANS A group 
Mean (SD) 
RBANS B group 
Mean(SD) 
Age 67.8 (10.18) 67.9 (9.99) 67.8 (10.50) 
Number of Women 
(%) 
22 (41.5%) 13 (39.4%) 9 (45.0%) 
Years of Education 14.1 (2.43) 14.3 (2.33) 13.7 (2.55) 
List Learning 22.5 (4.82) 22.7 (4.94) 22.1 (4.58) 
Story Learning 12.5 (2.90) 12.0 (2.84) 13.4 (2.78) 
Figure Copy 18.3 (1.72) 18.4 (1.87) 18.3 (1.41) 
Line Orientation 16.9 (2.42) 17.2 (2.44) 16.5 (2.29) 
Picture Naming 9.4 (0.85) 9.2 (0.95) 9.6 (0.58) 
Semantic Fluency 18.6 (4.23) 19.7 (4.23) 16.9 (3.65) 
Digit Span 10.1 (2.02) 9.9 (1.84) 10.6 (2.22) 
Coding 39.5 (9.37) 39.8 (7.96) 39.1 (11.30) 
List Recall 4.0 (2.20) 4.2 (2.22) 3.7 (2.17) 
List Recognition 18.3 (1.85) 18.5 (1.69) 18.1 (2.07) 
Story Recall 6.2 (2.64) 5.9 (2.51) 6.7 (2.78) 
Figure Recall 12.0 (4.50) 12.7 (4.44) 11.0 (4.40) 
Immediate Memory 
Index 
80.9 (9.37) 80.2 (9.70) 82.0 (8.70) 
Visuospatial Index 104.1 (15.16) 105.6 (15.12) 101.7 (14.91) 
Language Index 95.5 (10.17) 96.7 (10.81) 93.4 (8.6) 
Attention index 
 
95.8 (12.33) 95.3 (11.70) 96.7 (13.25) 
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 Group total RBANS A group 
Mean (SD) 




88.7 (14.39) 90.1 (13.99) 86.5 (14.77) 
Sum of Indices 465.0 (39.49) 467.8 (39.42) 460.3 (39.15) 
Total Scale Index 90.2 (9.98) 90.9 (9.94) 89.0 (9.92) 
Average last two 2-
back 
43.6 (24.65) 46.5 (25.18) 38.8 (22.92) 
 
The participants who completed the study tended to score much lower in the immediate memory 
index and the delayed memory index than the cohort as a whole, which is not surprising given the 
selection criteria. The participants also scored lower on the other three indices to a lesser extent, 
indicating that the visuospatial, language and attention indices are somewhat, but not totally 
independent of the memory indices. 
The difference between the test scores from participants who were randomised to Form A 
compared the Form B were small compared to the difference in scores in the cohort as a whole. 
There was a large difference in the semantic fluency scores, with participants randomised to form A 
scoring three more points higher on average. There was also a large difference in the figure recall 
scores, with participants on Form A scoring a point higher on average than Form B. The largest 
difference in index scores was in the language index, with participants on Form A scoring four points 





Baseline characteristics after Randomisation 
Table 5-4 below shows the demographic distribution of participants into each group.  
Table 5-4: Baseline characteristics after randomisation 






Age 70.8 (12.1) 66.7 (9.77) 66.0 (7.43) 
Number of Women 
(%) 
8 (44.4%) 7 (41.1%) 7 (38.9%) 
Years of Education 14.2 (2.29) 13.1 (2.49) 14.9 (2.18) 
Number on Form A 10 10 12 
    
The broadband feedback group was on average older than the other two groups. The number of 
women in each group in nearly identical, as the randomisation procedure designed. The narrowband 
feedback group has less years of formal education than the other groups. The placebo group has 
more participants who were originally randomised to Form A. 





Figure 5-4: Boxplot of age by group after randomisation 
 
Figure 5-5: Years of education by group after randomisation 
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There was a smaller range of ages in the placebo feedback group, and a much wider distribution of 
ages in the broadband feedback group. The mean years of education in the broadband feedback 
group appears to be raised by an outlier (1 person had 20 years of formal education). There was no 
statistically significant difference in age, or years of education between the groups.   
Baseline Cognitive Scores in each group 
Table 5-5 below shows the scores for the initial RBANS test and the initial 2 back test separated out 
by group. 
Table 5-5: Baseline RBANS score by group after randomisation 









List Learning 21.3 (5.8) 22.6 (4.22) 23.6 (3.89) 
Story Learning 12.2 (2.90) 12.9 (2.53) 12.5 (3.17) 
Figure Copy 17.8 (1.93) 18.9 (1.26) 18.3 (1.67) 
Line Orientation 17.2 (2.09) 17.1 (2.69) 16.5 (2.41) 
Picture Naming 9.3 (0.80) 9.5 (1.04) 9.3 (0.67) 
Semantic Fluency 18.1 (4.71) 18.6 (3.98) 19.2 (3.88) 
Digit Span 9.8 (1.50) 10.2 (2.34) 10.3 (2.11) 
Coding 34.4 (9.85) 43.9 (7.89) 40.5 (7.56) 
List Recall 3.4 (2.52) 4.2 (1.98) 4.4 (1.92) 
List Recognition 17.8 (2.48) 18.8 (1.11) 18.6 (1.50) 
Story Recall 5.4 (2.41) 6.6 (2.63) 6.5 (2.69) 
Figure Recall 11.4 (5.37) 12.6 (3.34) 12.1 (4.42) 
Immediate Memory 
Index 
79.8 (9.91) 81.5 (8.38) 81.5 (9.59) 
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Visuospatial Index 102.7 (14.11) 108.1 (14.17) 101.8 (16.31) 
Language Index 94.8 (13.09) 95.2 (9.90) 96.3 (6.31) 




84.4 (18.68) 91.4 (11.91) 90.4 (9.96) 
Sum of Indices 453.1 (49.12) 476.7 (26.80) 465.8 (35.05) 
Total Scale Index 87.1 (12.34) 93.0 (6.99) 90.6 (8.78) 
Average last two 2-
back 
35.2 (22.4) 47.8 (26.03) 52.0 (26.15) 
 
In most instances, the randomisation has resulted in the cognitive scores being evenly distributed 
between the groups. The narrowband feedback group has a higher score in the visuospatial index 
than the other two groups, mostly due to a higher performance in the figure copy sub test. The 
broadband feedback group has a lower baseline score in the delayed memory index, but also a wider 
distribution of score. The difference between the delayed memory index score between the 
broadband and narrowband feedback groups was not significant (t29.1=-1.285, p=0.209), nor was the 




Comparison of EEG characteristics between participants and ‘normal brain’ controls 
There was no significant difference in the current density between the participants in the trial and 
the ‘normal brain’ controls. Images voxel with the highest magnitude difference in connectivity in 
each band can be found in Figure C-1 in appendix C2. 
No significant changes were found at the p=0.05 level in the connectivity of the DMN. Images 
presented in Figure C-2 in appendix C2 represent changes which appear when the p value is set to 
p=0.12. The images below show where the changes are.  
Because there were no significant changes found, only general comments can be made about the 
direction of change, rather than commenting on the specific changes in specific locations. Overall, 
the participants have reduced connectivity in the theta band, and increased connectivity in the alpha 
2 and beta 1 bands. The other bands have a mixture of increased and decreased connectivity. 
However, in the delta, alpha 1 and beta 3 bands, the majority of connections have higher 
connectivity. 
Mixed Model Analysis of RBANS Index Scores 
Primary Result- Immediate Memory index score 
The final mixed model contained the index scores for 53 participants at baseline, 53 participants at 
immediate follow up and 52 participants at 6 week follow up, as one person in the placebo group 
dropped out after immediate follow up. Time point and assigned group were entered as fixed 
variables. 
Figure 5-6 below demonstrates the change in the immediate memory index at each time point in 




Figure 5-6: Boxplot showing Immediate Memory Index score by randomisation at pre-training, immediately post-training, 
and at 6 week follow up 
The mixed model analysis found a significant first order effect with respect to time (F2, 52.736=39.712, 
p<0.001) but didn’t find a significant first order effect with respect to randomisation (F2, 53.153=0.072, 
p=0.931). No significant second order effect was found for a Randomisation*Time interaction (F4, 
52.724=1.162, p=0.338).  
Post hoc pairwise comparisons revealed significant differences between time points within groups, 
but no significant changes between groups within time points. Within the broadband feedback 
group, there was a significant difference between pre training and immediate post training 
immediate memory index score (difference= 11.7 points, p=0.001) and between the pre training and 
6 week follow up score (difference =15.3, p<0.001). There was no significant difference between the 
immediate follow up and the 6 week follow up training. 
Within the narrow band feedback group, there was a significant difference between the pre training 
and the immediate follow up immediate memory index score (difference =7.9, p=0.019), and there 
was also a significant difference between the pre training score and the 6 week follow up score 
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(difference =12.4, p<0.001). There was no significant difference between the immediate follow up 
and the 6 week follow up score. 
Within the placebo group, there was a significant difference between the pre training and the 
immediate follow up immediate memory score (difference = 9.5, p=0.004) and a significant 
difference between the pre training and the 6 week follow up score (difference =8.725, p=0.001). No 
significant difference was found between the immediate follow up and the 6 week follow up score. 
Secondary Results 
Delayed Memory 
The final mixed model contained the index scores for 53 participants at baseline, 53 participants at 
immediate follow up and 52 participants at 6 week follow up, as one person dropped out after 
immediate follow up. Time point and assigned group were entered as fixed variables. 
Figure 5-7 below demonstrates the change in the delayed memory index at each time point in each 
group.  
 
Figure 5-7 Boxplot showing Delayed Memory Index score by randomisation at pre-training, immediately post-training, and 
at 6 week follow up 
The mixed model analysis found a significant first order effect on delayed memory with respect to 
time (F2, 52.679=12.825, p<0.001). There was no first order effect with respect to randomisation (F2, 
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53.078=0.729, p=0.487). There was no significant second order effect for a Randomisation*Time 
interaction.  
Post hoc analyses revealed that similarly to the immediate memory scores, there were significant 
differences between time points within groups; however there were no significant differences 
between groups within time points. 
For the broadband feedback group, there was a significant difference between the pre training 
delayed memory score and the immediate follow up delayed memory score (difference=7.3, 
p=0.002). There was also a significant difference between the pre training score and the 6 week 
follow up score (difference=7.056, p=0.012). However, there was no significant difference between 
the scores of the immediate follow up and the 6 week follow up. 
For the narrowband feedback group, there was no significant difference between the pre training 
delayed memory score and the immediate follow up delayed memory score (difference=2.5, 
p=0.294). Nor was there a significant difference between the scores of the immediate follow up and 
the 6 week follow up. However, there was also a significant difference between the pre training 
score and the 6 week follow up score (difference=6.4, p=0.025). 
For the placebo training feedback group, there was no significant difference between the pre 
training and immediate follow up delayed memory score (difference=2.5, p=0.265). There was a 
significant difference between the pre training and the 6 week follow up score (difference=8.4, 
p=0.004). There was no significant difference between the immediate post training and 6 week 
follow score. 
Visuospatial index 
The mixed model analysis found a significant first order effect for time (F2, 52.720=3.658, p=0.033). 
There were no other significant first order or second order effects. 
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Post hoc analysis revealed that in the broadband feedback group there was a significant difference 
between the immediate follow up and the 6 week follow up visuospatial scores (difference =-7.1, 
p=0.011). There was also a difference between the pre training and immediate post training 
visuospatial score in the narrowband feedback group (difference =8.412, p=0.006). No significant 
changes were found for the placebo feedback group. 
Language index 
The mixed model analysis found a significant first order effect for time (F2, 52.625=5.853, p=0.005). 
There were no other significant first order or second order effects. 
Post hoc analysis demonstrated a significant difference between the pre training Language score and 
the 6 week follow up score in the broadband feedback group (difference=6.2, p=0.007). There was 
also a significant difference between the pre training and the 6 week follow up score in the 
narrowband feedback group (difference=-4.8, p=0.037). No significant differences were found for 
the placebo group. 
Individual Analysis by Group 
Broadband feedback group 
Baseline characteristics 
Table C-3 in Appendix C3 shows the baseline scores of the participants in the broadband feedback 
group. Participants who started on RBANS A had similar scores to the participants who started on 
RBANS B on the baseline indices. 
Comparison to the ‘normal brain’ controls at baseline 
There were no significant differences in the current density between the participants in the 
broadband feedback group and their matched controls. Images showing the voxel with the highest 
level of changes can be seen in Figure C-3 in appendix C4. 
There were no significant differences in the connectivity of the default mode network compared to 
the ‘normal brain’ controls. Images showing the highest magnitude of changes are given in Figure C-
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6 in appendix C5 (p=0.383). As with the cohort as a whole, there was a trend toward lower 
connectivity in the theta band and higher connectivity in the alpha 1, and alpha 2 bands.  
Immediate Follow up Cognitive Scores 
In table 5-6 below are the immediate follow up cognitive scores for the RBANS and the 2 Back test 
for the broadband feedback group. The average change from the baseline score is given in the 
second column. Most of the change from baseline was small compared to the standard deviation of 
the baseline score. However the immediate memory index score increased in magnitude greatly, by 
11.7 points (p=0.001). The delayed memory index score had also increased in magnitude, but the 
change was not as large, increasing by 7.3 points (p=0.002). 
Table 5-6: RBANS scores and change from baseline at immediate follow up in the broadband feedback group 
 Score  
Mean(SD) 
Change from Baseline 
List Learning 23.4 (6.16) 2.1 
Story Learning 14.4 (3.56) 2.2 
Figure Copy 16.7 (2.38) -1.1 
Line Orientation 16.9 (2.66) -0.3 
Picture Naming 9.7 (0.56) 0.4 
Semantic Fluency 18.5 (5.52) 0.4 
Digit Span 10.0 (2.03) 0.2 
Coding 35.6 (10.43) 1.2 
List Recall 5.2 (2.65) 1.7 
List Recognition 18.3 (2.53) 0.5 
Story Recall 6.9 (3.05) 1.6 
Figure Recall 10.3 (4.94) -1.1 
Immediate Memory Index 91.5 (14.33) 11.7 
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 Score  
Mean(SD) 
Change from Baseline 
Visuospatial Index 97.0 (17.51) -5.7 
Language Index 97.8 (10.50) 3.0 
Attention index 94.1 (12.55) 2.7 
Delayed Memory index 91.8 (20.61) 7.3 
Sum of Indices 472.2 (54.02) 19.1 
Total Scale Index 92.3 (13.7) 5.2 
Average last two 2-back 31.1 (15.08) -4.0 
 
The scores of the immediate follow up and change from baseline separated by initial RBANS form is 
given in Table C-6 in appendix C6. There were two major differences between those who started on 
form A and those who started on form B. The change in the immediate memory score was very high 
on those who started on form A, at 16.1 points higher at follow up, compared to those who started 
on form B, who scored only 6.5 points higher at follow up. Similarly, those who started on form A 
scored 10.3 points higher in the delayed memory index at follow up, compared to those who started 
on form B who scored 3.6 points higher at follow up. 
Changes in Current Density from Baseline to Immediate Follow Up 
No significant changes were found in the current density map from baseline to immediate follow up. 
Diagrams illustrating the voxel with the highest magnitude change can be found in Figure C-9 in 
appendix C7. 
Changes in Connectivity of the Default Mode Network from Baseline to Immediate Follow up 
No significant changes in the connectivity of the default mode network was found using 11 regions 
of interest. Diagrams showing changes in connectivity at the most statistically significant value 
(p=0.408) can be found in Figure C-13 in appendix C8. Bands not shown in appendix C8 have no 
changes at this level of significance. 
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Overall, there appears to be a trend toward decreased connectivity in the delta band, beta 1 band, 
and a trend toward increased connectivity in the theta band. This pattern is a reversal of the trends 
shown in the comparison to the ‘normal brain’ cohort. 
Change in the Activity and Connectivity Indices in the in-Training Data. 
The average correlation coefficient for phase lagged synchronisation between the PCC and the 
Parahippocampal gyrus in the beta 1 band over time differed significantly from 0 (r=0.158, 95%CI 
0.052-0.262, p=0.005). There was a slight tendency for the connectivity in this band to increase as 
the number of sessions increased. The graph in Figure 5-8 below shows the change in beta 1 
connectivity over time for each individual in this group. Graphs of the changes in other measured 
indices are given in Figure C-16 to C-21 in appendix C9. 
 
Figure 5-8: Individual trends in phase lagged synchronisation during training in the beta 1 band in the broadband feedback 
group 
Figure 5-9 below shows the average change in the connectivity in the beta 1 band in the Broadband 




Figure 5-9 Group trends in phase lagged synchronisation during training in the beta 1 band in the broadband feedback 
group 
Within Session change 
No significant within session change in current density was found in any of the theta, alpha 1, alpha 
2 or beta 1 band. 
A significant increase was found in the within session alpha 1 connectivity (p=0.004) and alpha 2 
connectivity (p=0.002) indices. The other within session connectivity indices were non-significant. 
Interview data 
Six people in the broadband feedback group said that they experienced some memory benefit from 
the training. Of these people, two had an increase of more than 10 points in the immediate memory 
index between the pre training test and the immediate follow up test.  Of the 12 people who said 
they did not receive any memory benefit from the training, there was an improvement of 10 or more 




6 Week Follow up cognitive scores 
Table 5-7 below shows the average score in the RBANS cognitive indices and subtests scored at the 6 
week follow up session, and the change in the score from the baseline. Table C-9 in appendix C10 
shows the change in the RBANS subtests and indices separated by whether the participants started 
on RBANS form A or B 
Table 5-7 RBANS score and change from baseline at 6 week follow up in the Broadband feedback group 
 Mean (SD) Difference from Baseline 
List Learning 24.2 (5.60) 2.9 
Story Learning 15.4 (3.55) 3.2 
Figure Copy 17.8 (1.50) 0.1 
Line Orientation 17.3 (2.28) 0.1 
Picture Naming 9.6 (0.50) 0.3 
Semantic Fluency 19.4 (5.37) 1.3 
Digit Span 9.6 (1.98) -0.2 
Coding 38.2 (9.88) 3.8 
List Recall 4.3 (2.87) 0.9 
List Recognition 18.4 (2.19) 0.6 
Story Recall 7.3 (3.25) 1.9 
Figure Recall 11.7 (5.62) 0.3 
Immediate Memory 
Index 
95.1 (11.52) 15.3 
Visuospatial Index 104.1 (10.66) 1.4 
Language Index 101.0 (9.61) 6.2 
Attention index 95.8 (11.33) 4.4 
Delayed Memory index 91.5 (21.22) 7.1 
143 
 
 Mean (SD) Difference from Baseline 
Sum of Indices 487.5 (45.22) 34.4 
Total Scale Index 96.2 (11.96) 9.1 
Average last two 2-back 40.9 (20.23) 5.7 
 
There was a large magnitude change in the immediate memory index of 15.3 points (p<0.001). This 
was caused by large changes mainly in the story memory score in comparison to the standard 
deviation. There was a moderate change in the delayed memory index at 7.1 points (p=0.012), and 
in the language with 6.2 change (p=0.007) 
Changes in Current Density at 6 week follow up compared to baseline 
The images in figure 5-10 below show the changes in the current density comparing the 6 week 
follow up resting state recording to the baseline resting state. These changes were statistically 
significant (p=0.0428). Red and yellow areas represent areas of increased activity at the 6 week 
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Figure 5-10: Current density maps showing the change in resting state current density between 6 week follow up and pre-
training recordings in the broadband feedback group 
Broadly, there wass increased activity in the low frequency bands, the delta, theta and alpha1 bands. 
There was decreased activity in higher frequency bands, the alpha 1, beta 1, beta 2 and beta 3 
bands. No significant changes were found for the omega band. The change was roughly centred 
around the PCC in each of the bands, apart from the alpha 1 band, in which the change was centred 
on the right frontal gyrus. 
Changes in the connectivity of the DMN at 6 week follow up 
There was no significant change found in the connectivity of the DMN found at 6 week follow up 
compared to the pre-training resting state recording. Images with the highest magnitude changes 
(p=0.681) can be found in Figure C-35 in appendix C11. 
Changes in the Resting state indices 
There was no significant trend identified in either the current density of the PCC or the phase lagged 
synchronisation of the PCC to the parahippocampal gyrus in the resting state data, including the pre 
training time point, sessions 8, 12 and the session 15 time point. Therefore, the average of those 
points were taken in each band for both the activity index and the connectivity index, and this 
average was compared to the session 16 point using a repeated t-test. No significant change 




A significant change was found in the connectivity index between the average of the training period 
resting state recordings and the 6 week post training recording in the theta band, alpha 1 band and 
beta 1. The phase lagged synchronisation of the PCC to the parahippocampal gyrus was 0.083 units 
higher in the theta band at the 6 week follow up (t17=2.855, p=0.011), 0.148 units higher in the alpha 
1 band (t17=3.842, p=0.001), and 0.026 units higher in the beta 1 band (t16=2.813, p=0.012). The 
alpha 2 resting state connectivity index changes were not significant. Figure 5-11 to 5-13 below 
shows the change in the indices over time. 
 
Figure 5-11: Change in the group level theta band phase lagged synchronisation between the PCC and the parahippocampal 




Figure 5-12:Change in the group level Alpha 1 band phase lagged synchronisation between the  PCC and the 
parahippocampal gyrus in the resting state over time in the broadband feedback group. 
 
 
Figure 5-13: Change in the group level beta 1 band phase lagged synchronisation between the PCC and the 






































Narrowband Feedback group 
Baseline characteristics 
Table C-4 in appendix C3 shows the baseline scores of the participants in the narrowband feedback 
group. Participants who started on RBANS B scored higher on the Attention index when compared to 
participants who started on RBANS A. Other index scores were broadly similar. 
Comparison to the ‘normal brain’ controls at baseline 
There were no significant differences in the current density between the participants in the 
narrowband feedback group and their matched controls. Images showing the voxel with the highest 
level of changes can be seen in Figure C-3 in appendix C4. 
No significant changes were found in the connectivity of the default mode network between 
participants in the narrowband biofeedback group and the ‘normal brain’ controls (p=0.085). These 
differences mostly follow the pattern seen in the cohort as a whole (alpha 1 and alpha 2 connectivity 
is mostly up). However, there was higher connectivity in the theta band in the participants then the 
‘normal brain’ controls, in contrast to the cohort as a whole which has lower connectivity in the 
theta band, as shown in the images in Figure C-7 in appendix C5. 
Immediate Follow up Cognitive Scores 
In table 5-8 below are the immediate follow up scores on the RBANS for the narrowband feedback 
group and the change from baseline. The changes of moderate to large magnitude were in the 
immediate memory index, where participants scored 7.9 points higher at immediate follow up than 
they did at baseline (p=0.019), and in the visuospatial index where participants score 6.5 points 






Table 5-8 RBANS scores and change from baseline at immediate follow up in the narrowband feedback group 
 Score 
Mean (SD) 
Change from Baseline 
List Learning 24.1 (4.48) 1.5 
Story Learning 14.6 (4.60) 1.7 
Figure Copy 22.0 (14.81) 3.1 
Line Orientation 16.5 (2.55) -0.6 
Picture Naming 9.6 (0.59) 0.2 
Semantic Fluency 19.4 (3.90) 0.8 
Digit Span 9.2 (2.78) -1 
Coding 43.2 (8.00) -0.7 
List Recall 4.3 (2.35) 0.1 
List Recognition 18.1 (2.37) -0.6 
Story Recall 8.0 (3.11) 1.4 
Figure Recall 12.5 (3.27) -0.1 
Immediate Memory Index 89.5 (15.64) 7.9 
Visuospatial Index 101.5 (10.64) -6.5 
Language Index 97.9 (10.32) 2.6 
Attention index 96.4 (13.92) -4.1 
Delayed Memory index 93.9 (14.31) 2.5 
Sum of Indices 479.1 (34.78) 2.4 
Total Scale Index 93.7 (9.43) 0.6 




Appendix C6 table C-7 shows the scores at immediate follow up and change from baseline separated 
by whether the participants started of Form A or Form B. There was a striking difference between 
the changes in scores of participants who started on Form A compared to Form B. Participants who 
started on Form A scored 14.5 points higher at follow up, but the participants who started on Form B 
scored four points lower at follow up. Also, participants who started on Form A scored one point 
lower on the Language index at follow up, compared to participants who started on Form B scored 
nine points higher on the Language index at follow up.  
Changes in Current Density from Baseline to Immediate Follow Up 
No significant changes were found in the current density map from baseline to immediate follow up. 
Diagrams illustrating the voxel with the highest magnitude change can be found in figure C-10 in 
appendix C7. 
Changes in Connectivity of the Default Mode Network from Baseline to Immediate Follow up 
No significant changes in the connectivity of the default mode network was found using 11 regions 
of interest. Diagrams showing changes in connectivity at the highest magnitude of change (p=0.163) 
can be found in Figure C-13 in appendix C8. Bands not shown in appendix C8 have no changes at this 
level of significance. 
Overall, there was a trend toward decreased connectivity in the delta band, beta 1 band, beta 2 
band, beta 3 band and omega band. It would appear to be a reversal of the trends seen in the 
comparison to the ‘normal brain’ controls; however this was only concentrated in higher frequency 
bands, rather than alpha and theta bands. 
Change in the Activity and Connectivity Indices in the in-Training Data. 
In three of the activity indices, the correlation coefficient differed significantly from 0, but none of 
the changes in the connectivity indices were statistically significant. Graphs for the remaining indices 
is given in Figure C-22 to C-26 appendix C9.  Figure 5-14 shows the change in theta activity in the PCC 
for each participant (r=0.229, 95%CI 0.115-0.343, p=0.001). Figure 5-15 shows the average change in 
theta activity over time in the narrowband feedback group (β=0.0349). There was a tendency for the 
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theta activity to increase over time with the training. 
 
Figure 5-15 Group level changes in the theta current density of the PCC in the training state in the narrowband feedback 
group 




The graph in Figure 5-16 shows the change in Alpha 1 activity in the PCC for each 
participant(r=0.210, 95%CI 0.082-0.337, p=0.003). Figure 5-17 shows the average change in Alpha 1 
activity over time in the narrowband feedback group (β=0.0323). There was a tendency for the alpha 
1 activity to increase over time as the number of sessions increase. The average activity also seems 
to spike at the end of each session, and decrease before the beginning of the next session. 
 





Figure 5-17 Group level changes in the alpha 1 current density of the PCC in the training state in the narrowband feedback 
group 
Figure 5-18 shows the change in Beta 1 activity in the PCC for each participant(r=0.230, 95%CI 0.131-
0.328, p<0.001). Figure 5-19 shows the average change in Beta 1 activity over time in the 
narrowband feedback group (β=0.0229). There was a tendency for the beta activity to increase 




Figure 5-18: Individual level changes in the beta 1 current density of the PCC in the training state in the narrowband 
feedback group 
 




Within session change 
A significant increase was found in within session alpha 1 current density (p=0.001). No other 
significant within session change was found in the current density of the other bands. 
No significant within session change in connectivity indices  was found in any of the theta, alpha 1, 
alpha 2 or beta 1 band. 
Interview data 
There were four people who said they experienced some memory benefit from the biofeedback 
training. Of these people, one experienced an increase of more than 10 points in the immediate 
memory index between the pre training test and the immediate follow up score. Of the 13 people 
who said they received no benefit from the training, seven had a more than 10 point increase in 
their immediate memory scores. Two people experienced excessive tiredness as a result of taking 
part in the biofeedback training.  
6 Week Follow Up Cognitive Scores 
Table 5-9 below shows the average score in the RBANS cognitive indices and subtests scored at the 6 
week follow up session, and the change in the score from the baseline for the narrowband feedback 
group. Table C-10 in Appendix C10 shows the change in the RBANS subtests and indices separated by 
whether the participants started on RBANS form A or B 
Table 5-9 RBANS score and change from baseline at 6 week follow up in the narrowband feedback group 
 Mean (SD) 
 
Difference from Baseline 
List Learning 24.3 (5.00) 1.7 
Story Learning 16.6 (3.38) 3.7 
Figure Copy 17.6 (2.12) -1.4 
Line Orientation 16.9 (2.30) -0.2 
Picture Naming 9.6 (0.48) 0.2 
Semantic Fluency 19.9 (4.31) 1.2 
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 Mean (SD) 
 
Difference from Baseline 
Digit Span 10.3 (2.24) 0.1 
Coding 46.1 (8.31) 2.2 
List Recall 4.5 (2.85) 0.3 
List Recognition 18.5 (1.75) -0.3 
Story Recall 9.1 (2.36) 2.4 
Figure Recall 14.2 (2.46) 1.6 
Immediate Memory Index 93.9 (13.14) 12.4 
Visuospatial Index 99.6 (13.05) -8.4 
Language Index 100.1 (8.56) 4.8 
Attention index 103.4 (11.74) 2.9 
Delayed Memory index 97.8 (15.84) 6.4 
Sum of Indices 495.8 (33.59) 19.1 
Total Scale Index 98.3 (8.63) 5.2 
Average last two 2-back 52.8 (25.26) 9.1 
 
In the narrowband feedback group there was a large magnitude increase in the immediate memory 
index, with a change of 12.4 points (p<0.001). This was mostly caused by a large magnitude change 
in comparison to the standard deviation, in the story memory score. There was a moderate 
magnitude decrease in the visual spatial index, with participants scoring 8.4 points less at the 6 week 
follow up than at baseline, although this was not statistically significant. There was also a moderate 
increase in the delayed memory index, of 6.4 points (p=0.025). 
Changes in Current Density at 6 week follow up compared to baseline 
Figure 5-20 below shows the changes in the current density in the narrow band feedback group, 
comparing the 6 week follow up recording with the baseline recording. These changes were 
statistically significant as p=0.046. Red and yellow areas represent areas of increased activity at the 6 
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week follow up compared to baseline and blue regions indicate areas of decreased activity 
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Figure 5-20 Current density maps showing the change in resting state current density between 6 week follow up and pre-
training recordings in the narrowband feedback group 
There were significant increases in activity in the delta band and theta bands, and significant 
decreases in activity in the alpha 1, alpha 2 and beta 2 bands. No significant changes were found for 
the beta 1, beta 3 and omega bands. Changes in activity were mostly centred on the left frontal lobe, 
except for the decrease in activity in the alpha 2 band, which was centred on the superior part of the 
PCC and the anterior part of the posterior cingulate gyrus. 
Changes in the connectivity of the DMN at 6 week follow up 
There was no significant changes found in the connectivity of the DMN found at 6 week follow up 
compared to the pre-training resting state recording. Images with the highest significance changes 
(p=0.32) can be found in Figure C-36 in appendix C11. 
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Changes in the Resting state indices 
There was no significant trend identified in either the current density of the PCC or the phase lagged 
synchronisation of the PCC to the parahippocampal gyrus in the resting state data. The average of 
the first four resting state recordings were therefore compared to the 6 week follow up resting state 
recording. 
There was no significant difference in the activity index between the averages of the resting state 
recordings in the training period compared to the 6 week follow up.  
A significant difference was found in the beta 1 band and alpha 2 band for the connectivity index. 
The phase lagged synchronisation was 0.113 units higher in the alpha 2 band at the 6 week follow up 
recording compared to the average of the first four measurement (t16=3.188, p=0.006) and 0.0295 
units higher in the beta 1 band(t16=4.24, p=0.001)  . No other significant change in the resting state 
indices were found. Figure 5-21 and 5-22 below shows the change in the index over time. 
 
Figure 5-21: Change in the group level alpha 2  band phase lagged synchronisation between the  PCC and the 



































Narrowband Feedback Group Alpha 2 Connectivity of PCC to 




Figure 5-22 Change in the group level beta 1 band phase lagged synchronisation between the PCC and the 
parahippocampal gyrus in the resting state over time in the narrowband feedback group. 
Placebo Feedback group 
Baseline Characteristics 
Table C-5 in Appendix C3 shows the baseline scores of the participants in the placebo feedback 
group, and the baseline scores separated by initial RBANS form. Participants who started on RBANS 
B scored higher on the Immediate Memory Index than participants who started on RBANS A. 
Participants on RBANS B also scored lower in the visuospatial index, and in the delayed memory 
index. 
Comparison to the ‘normal brain’ controls at baseline 
There were no significant differences in the connectivity between the participants in group 1 and 
their matched controls. Images showing the voxel with the highest level of changes can be seen in 
Figure C-5 in appendix C4. 
There were no significant differences in the connectivity of the default mode network compared to 
the ‘normal brain’ controls. Images showing the highest significance of changes are given in Figure C-
8 in appendix C5 (p=0.64). As with the cohort as a whole, there was a trend toward lower 
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connectivity in the theta band. However, the alpha 1 band has a trend toward lower connectivity in 
the participants, compared to the cohort as a whole. The alpha 2 band have more connections that 
were lower in the participants compared to the participants as a whole. 
Immediate Follow up Cognitive Changes 
Table 5-10 below shows the cognitive scores at immediate follow up in the placebo group and the 
changes from baseline. The immediate memory index score was 9.5 points higher at immediate 
follow up than at baseline (p=0.004). No other changes of moderate to large magnitude were 
observed in this group.  
Table 5-10 RBANS scores and change from baseline at immediate follow up in the placebo feedback group 
 Score 
Mean (SD) 
Change from Baseline 
List Learning 25.1 (3.54) 1.6 
Story Learning 14.8 (4.54) 2.3 
Figure Copy 17.9 (2.09) -0.4 
Line Orientation 15.9 (4.07) -0.7 
Picture Naming 9.9 (0.23) 0.6 
Semantic Fluency 20.3 (3.93) 1.1 
Digit Span 10.5 (2.63) 0.2 
Coding 42.4 (6.77) 1.9 
List Recall 4.2 (2.04) -0.2 
List Recognition 18.3 (1.59) -0.3 
Story Recall 8.2 (2.74) 1.7 
Figure Recall 13.4 (3.64) 1.3 
Immediate Memory Index 91.0 (13.04) 9.5 





Change from Baseline 
Language Index 99.8 (8.51) 3.6 
Attention index 98.3 (13.11) 2.4 
Delayed Memory index 92.9 (12.37) 2.6 
Sum of Indices 481.1 (39.69) 15.2 
Total Scale Index 94.3 (10.44) 3.7 
Average last two 2-back 52.9 (22.22) 1.0 
 
Table C-8 in appendix C6 shows the immediate follow up score and the changes from baseline in the 
placebo group separated out by whether participants started on Form A or Form B. Participants who 
started out on Form A scored 16.1 points higher in the immediate memory index at follow up, 
compared to participants who started out on Form B who scored 3.7 points lower at follow up. 
Participants who started out on Form A scored 1.9 points higher at follow up on the Language index, 
compared to participants who start out on Form B who scored 6.8 points higher. Also, participants 
who started out on Form A scored 5.2 points higher on the delayed memory index and 6.4 points 
higher on the total index, compared to participants who started on Form B who scored 2.7 points 
lower and 1.7 points lower on the delayed memory and total index scores respectively. 
Changes in Current Density from Baseline to Immediate Follow Up 
No significant changes were found in the current density map from baseline to immediate follow up. 
Diagrams illustrating the voxel with the highest magnitude change can be found in Figure C-11 in 
appendix C7. 
Changes in Connectivity of the Default Mode Network from Baseline to Immediate Follow up 
No significant changes in the connectivity of the default mode network was found using 11 regions 
of interest. Diagrams showing changes in connectivity at the most statistically significant value 
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(p=0.307) can be found in Figure C-14 in appendix C8. Bands not shown in appendix C8 have no 
changes at this level of significance. 
In this group, there was a trend toward higher connectivity in the theta band, and the omega band, 
and no changes seen in other bands. This does indicate a reversal of the trend seen in the theta 
band, but the result was not replicated across multiple bands as it was in the broadband feedback 
group.  
Change in the Activity and Connectivity Indices in the in-Training Data 
No significant changes in any of the measured connectivity or activity indices were found. The 
graphs showing the individual changes in activity and connectivity over time are given in Figure C-27 
to C-34 in Appendix C9. 
Interview data 
Five people in the placebo feedback group said they experienced some benefit from the biofeedback 
training. Of these three experienced an improvement of more than 10 points in the immediate 
memory score between the pre-training test and the immediate follow up score. Of the 13 people 
who said they did not experience any benefit from the biofeedback training seven experienced an 
increase of more than 10 points in the immediate memory index. Three people in the placebo 
feedback group experienced excessive tiredness as a result of doing the biofeedback training. 
Within Session Change 
A significant increase was found in within session theta (p=0.001), alpha 1 current density (p<0.001), 
and alpha 2 bands (p=0.006). No other significant within session change was found in the current 
density of the other bands. 
No significant within session change in connectivity indices  was found in any of the theta, alpha 1, 
alpha 2 or beta 1 band. 
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6 Week Follow Up Cognitive Scores 
Table 5-11 below shows the average score in the RBANS cognitive indices and subtests scored at the 
6 week follow up session, and the change in the score from the baseline for the placebo feedback 
group. Table C-11 in Appendix C10 shows the change in the RBANS subtests and indices separated by 
whether the participants started on RBANS form A or B 
Table 5-11 RBANS scores and change from baseline at 6 week follow up in the placebo feedback group 
 Mean (SD) 
 
Difference from Baseline 
List Learning 25.5 (3.73) 1.9 
Story Learning 14.4 (4.07) 1.9 
Figure Copy 17.8 (2.12) -0.5 
Line Orientation 16.3 (3.59) -0.3 
Picture Naming 9.8 (0.38) 0.5 
Semantic Fluency 19.5 (3.40) 0.4 
Digit Span 10.4 (2.35) 0.1 
Coding 44.1 (8.54) 3.6 
List Recall 4.9 (1.71) 0.5 
List Recognition 19.2 (1.16) 0.7 
Story Recall 7.7 (2.40) 1.2 
Figure Recall 13.1 (4.28) 0.9 
Immediate Memory Index 90.2 (10.66) 8.7 
Visuospatial Index 99.5 (17.41) -2.3 
Language Index 98.0 (5.58) 1.7 
Attention index 100.5 (15.44) 4.6 
Delayed Memory index 99.2 (10.76) 8.8 
Sum of Indices 487.5 (44.16) 21.7 
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 Mean (SD) 
 
Difference from Baseline 
Total Scale Index 96.3 (11.87) 5.7 
Average last two 2-back 56.4 (24.79) 4.4 
 
There was a moderate increase of 8.7 points in the immediate memory index at the 6 week follow 
up test compared to the pre training test (p=0.001). There was also a moderate increase in the 
delayed memory index of 8.8 points (p=0.004). 
Changes in Current Density at 6 week follow up compared to baseline 
The images in figure 5-23 below show the changes in the current density in the placebo feedback 
group at 6 week follow up compared to the baseline resting state recording. These changes were 
significant (p=0.049). Red and yellow areas represent areas of increased activity at the 6 week follow 
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Figure 5-23 Current density maps showing the change in resting state current density between 6 week follow up and pre-
training recordings in the placebo feedback group 
The changes were more mixed than with the other groups, and there is a lot less definition to the 
images, because the changes in the placebo group were only significant at a low threshold of 
change. There was mixed changes in activity in the delta, theta, alpha 1 and beta 1 bands. There was 
a pure decrease in activity in the alpha 2 band and pure increases in activity in the beta 2 and beta 3 
bands. No significant changes were found in the omega band. 
Changes in the connectivity of the DMN at 6 week follow up 
There was no significant changes found in the connectivity of the DMN found at 6 week follow up 
compared to the pre-training resting state recording. Images with the highest significance changes 
(p=0.088) can be found in Figure C-37 in appendix C11. 
Changes in the Resting state indices 
There was no significant trend identified in either the current density of the PCC or the phase lagged 
synchronisation of the PCC to the parahippocampal gyrus in the resting state data. The 6 week 
follow up recording was then compared to the average of the first four recordings. 
There was no significant difference in the activity index between the average of the first four resting 
state recordings and the 6 week follow up recording. 
A significant change in the connectivity index in the theta band and the alpha 2 band between the 
average of the first four resting state recordings and the 6 week follow up recording. The phase 
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lagged synchronisation was 0.031 units higher in the theta band in the 6 week follow up recording 
(t16=3.369, p=0.004) and 0.06 units higher in the alpha 2 band (t16=3.105, p=0.007). No other 
significant changes in the connectivity indices were found. Figures 5-24 and 5-25 below shows the 
change in the index over time. 
 
Figure 5-24 Change in the group level theta 1 band phase lagged synchronisation between the PCC and the 












































Figure 5-25: Change in the group level alpha 2 band phase lagged synchronisation between the PCC and the 




Chapter 6 Exploratory Analyses 
Aim 
The aim of this chapter is to describe the results of secondary analyses conducted on the data of the 
randomised controlled trial. The design of the trial is described in chapter 5. These analyses are 
exploratory in nature, designed to generate hypotheses for future study. This corresponds to the 4th 
stated aim of the biofeedback trial in chapter 5, which was to identify EEG biomarkers using sLORETA 
which correlate to changes in memory that could be used to track progress in future biofeedback 
trials. In addition, there are some further analyses of the primary outcome presented to control for 
the emergent form effect on the RBANS As such, the results described below have been separated 
from the definitive results described in chapter 5.  
Method of Analysis 
Bivariate Correlation of EEG parameters and baseline cognitive scores 
The bivariate correlation was carried out between the baseline immediate memory index and the 
baseline delayed memory index for both participants in the trial and the ‘normal brain’ comparison 
group with the following EEG parameters: 
1) baseline current density of the PCC in four frequency bands (theta, alpha 1, alpha 2 , beta 1) 
2) baseline connectivity measured by phase lagged synchronisation of the PCC to the left 
parahippocampal gyrus in four frequency bands (theta, alpha 1, alpha 2, beta 1)  
This correlation was performed for all the participants and for all the ‘normal brain’ control EEGs. A 
Bonferroni correction was applied to test the significance.  
Baseline Seed Based Connectivity analysis 
Baseline connectivity of the PCC to the rest of the brain was also assessed. This was done by placing 
a seed point in the PCC, and searching for significant changes in the phase lagged synchronisation of 
the PCC with the other 6329 voxels modelled by the sLORETA program. This was calculated for the 
47 participants in the trial who had ‘normal brain’ matches and their matches separately. The 
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connectivity maps for the participants were then compared to the connectivity maps for the ‘normal 
brain’ matches, using the permutation technique described in chapter 3. 
Seed Based Analysis by Group 
The change in connectivity of the PCC between the baseline EEG and the immediate follow up 
resting state EEG was assessed. This was done by placing a seed point in the PCC and searching for 
significant changes with all the other voxels modelled by the sLORETA program. This was done for 
the immediate follow up and the baseline EEGs separately. Then a pairwise comparison of the 
immediate follow up and the baseline EEG was performed, using the permutation technique 
described in chapter three. This was calculated for each group separately. The sLORETA brain 
mapping program can then locate the voxels which have the greatest change in connectivity to the 
PCC.   
This process was repeated for the 6 week follow up data. 
Restricted Analysis of the Posterior Default Mode Network. 
The default mode network has multiple functions, of which memory retrieval is just one (55). In 
order to assess for effects on parts of the default mode network specifically dedicated to memory, it 
was decided to restrict the connectivity analysis to nodes of the posterior default mode network 
(224). The locations and MNI coordinates of these nodes can be found in Table D-1 in Appendix D1. 
The phase lagged connectivity between the five nodes was assessed using the default mode 
connectivity analysis method given in chapter 3, but using five regions of interest instead of 11. This 
was done comparing the immediate post training EEG to the baseline resting state EEG, and also 
comparing the 6 week follow up EEG to the baseline EEG. 
Correlation of Memory Change Scores to Changes in EEG Parameters 
The immediate memory index score from the pre training test was subtracted from the immediate 
follow up score and the 6 week follow up score, and the immediate follow up score was subtracted 
from the 6 week follow up score. The same set of subtractions was performed for the delayed 
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memory index. These three change scores were then entered into a bivariate correlation matrix with 
two levels. The first level assessed the correlation between the change scores and the changes in the 
EEG indices that had demonstrated a significant change in chapter 5. These scores were the change 
in the in-training beta 1 connectivity index in the broadband feedback group, the change in the in-
training beta 1, in-training alpha 1 activity, and in-training theta activity in the broadband feedback 
group, the difference between the 6 week post follow up alpha 1 connectivity and average 
connectivity in the broadband feedback group, the difference in 6 week follow up beta 1 
connectivity and average connectivity in the narrow band feedback group, and the difference 
between 6 week follow up theta connectivity in the placebo group. This first level of analysis was 
performed separately for each of the randomisation groups. 
The second level assessed all the EEG indices scores against the changes in the immediate memory 
and delayed memory scores. All 54 participants who completed the training were assessed together. 
We assessed these at the p=0.05 level, without adjusting for multiple comparisons, as this stage was 
a hypothesis generation stage. 
A third level of correlation was included to bring complete the analysis of validity (138-140). This was 
done by correlating the change in the delayed and immediate memory scores to the change in the 
EEG characteristics. Specifically, the variables in the table D-2 in appendix D2 were correlated with 
each other. This was done in each of the broadband, narrowband, and placebo feedback groups 
separately to see if different exposure would result in a different relationships between EEG 
variables and cognitive outcomes. 
This analysis results in a 6 (memory) by 24 (EEG) variable correlation matrix, every correlation with a 
significance of p<0.05 is reported here. However, consideration of appropriate significance 
thresholds would be required for validating potential correlations. The data for the participant in the 
placebo group who did not complete the 6 week follow up was not included in this analysis. 
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Analysis of Responders vs Non-Responders 
An analysis was carried out comparing ‘responders’ who appeared to have a greater change in their 
memory score to ‘non responders’ who did not appear to improve after training. An arbitrary 
threshold of 10 points difference was applied to define responders and non-responders. In order to 
control for the form effect, the difference between the 6 week follow up score and the pre training 
score in the immediate memory index was used, as the difference between the forms was less at 
this time point. The responders in both the broadband and the narrowband feedback groups were 
then compared to non-responders with respect to the following variables: 
 Baseline variables 
o Age 
o Sex 
o Years of education 
o Initial RBANS form 
o Baseline immediate memory score 
o Baseline delayed memory score 
 EEG variables 
o Baseline current density in the PCC in the theta, alpha 1, alpha 2 and beta 1 
bands 
o Baseline phase lagged synchronisation of the PCC in the theta, alpha 1, alpha 
2 and beta 1 bands 
o Regression of change in current density in the PCC over time, for both the 
resting state and the in-training data, in the theta, alpha 1, alpha 2 and beta 
1 bands 
o Regression of the change in the phase lagged synchronisation of the PCC to 
the parahippocampal gyrus over time, for both the resting state and the in-
training data, in the theta 1, alpha 1, alpha 2 and beta bands 
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o Change in the phase lagged synchronisation of the PCC to the 
parahippocampal gyrus between the 6 week follow up resting state 
recording and the average of the other resting state recordings, in the theta, 
alpha 1, alpha 2 and beta 1 bands 
This analysis was then repeated with the broadband and narrowband feedback groups separately. 
The statistical significance of the differences found between the ‘responders’ group and the ‘non 
responders’ group was assessed using independent group t-tests. 
Further Analyses of the Change in Immediate Memory score. 
It is clear that there was a form effect which had a significant impact on the change in immediate 
memory index. In order to remove this effect, two additional exploratory analyses were planned, in 
order to see whether an effect in immediate memory would be found if the form effect were 
removed. 
Stratified analysis 
A mixed model was generated for people who started on form A and form B separately. The 
participants’ group and time were entered as fixed effects. The model was unstructured, so that the 
broadest possible assumptions about the distribution of scores could be made. Any second order 
effect (a group*time interaction), in either the group A or group B would provide evidence for a 
genuine effect for biofeedback training. 
Adjusted Analysis 
We assumed that the difference between the changes in score of those who moved from form A to 
form B compared to those who moved from form B to form A was caused only difference between 











∆𝑏    
Where nt=total number of people in placebo group 
nA=Number of people in the placebo group who started on form A 
nB=Number of people in the placebo group who started on form A 
ΔA=Average change in score between the pre training and immediate follow up in the immediate 
memory index for participants who started on form A 
ΔB=Average change in score between the pre training and immediate follow up in the immediate 
memory index for participants who started on form B 
The average change in score for those in form A was then compared to this weighted average to 
calculate the expected gain from starting on form A. This difference was labelled the adjustment for 
A. This was also done with the average change in score for those who started on form B, to produce 
the adjustment for B. The score for the immediate memory at immediate follow up was then 
adjusted, those who started on form A with the adjustment for form A, and those on form B with the 
adjustment for form B. 6 week follow up scores were not adjusted, as the changes from baseline 
comparing form A to form B were not largely different. 
A mixed model was then generated from this adjusted data. Randomisation and time were entered 
as fixed effects. A second order interaction (a group*time effect) would provide evidence for a real 





Correlation of Baseline EEG parameters with Baseline Cognitive Score 
Bonferroni adjustment set a significance level of 0.003125. Table D-2 in Appendix D2 shows the 
Pearson correlation and p values for each of the correlations performed.  
A significant correlation between the delayed memory index and the connectivity between the PCC 
and the parahippocampal gyrus in the theta band was found (r=-0.271, p=0.003). Figure 6-1 below 
shows a scatter graph of the delayed memory index scores against the phase lagged synchronisation 




Figure 6-1 Scatterplot of score on the delayed memory index of all screened volunteers and the phase lagged 
synchronisation of the PCC to the parahippocampal gyrus 
Seed point based Connectivity at Baseline 
At baseline there were no statistically significant changes found in the connectivity of the PCC to the 
other parts of the brain in the participants when compared to the ‘normal brain’ controls. The 
images in Figure D-1 in Appendix D3 show the highest magnitude differences in connectivity (p=0.12) 
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Seed point based Connectivity Baseline to Immediate Follow Up 
Broadband Feedback Group 
In the broadband feedback group the change in one voxel in one frequency band was found to be 
significant (p<0.0001). The image showing this is presented in Figure 6-2 below. 
 
Figure 6-2: Map of PCC seed based phase lagged synchronisation changes from baseline to immediate follow up in the 
broadband feedback group. There was a voxel with a decrease in the left uncus 
This voxel was located in the left uncus, a region of the medial temporal lobe. It shows significantly 
decreased connectivity with the PCC in the beta 1 band at immediate follow up compared to 
baseline. No other voxel in any other frequency band showed significant changes. 
Narrowband Feedback Group 
No significant changes in the PCC’s connectivity were found compared to baseline. Figure D-2 in  
appendix D4 show the changes in connectivity at follow up compared to baseline at the p=0.74 level. 
Placebo Feedback Group 
Significant changes in the connectivity of the PCC at immediate follow up compared to baseline were 




Alpha 1 band 
 
Alpha 2 band 
 
Beta 1 band 
Figure 6-3 Map of PCC  seed based phase lagged synchronisation changes from baseline to immediate follow up in the 
placebo  feedback group. 
In the alpha 1 band, there were significant decreases in connectivity between the PCC and the 
precuneus, and the PCC and the Anterior Cingulate (p<0.0001). In the alpha 2 band there was a 
significant increase in connectivity between the PCC and the precuneus (p<0.0001). In the beta 1 
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band there was a significant increase in connectivity between the PCC and the Medial frontal Gyrus 
(p<0.0001). 
Seed based Connectivity Baseline to 6 week Follow Up 
Broadband Feedback Group 
No significant changes were found in the connectivity changes were found in the broadband 
feedback group using the seed based modelling technique. 
Narrowband Feedback Group 
Significant changes were found in the narrowband feedback group in the alpha 2 and beta 2 bands 
(p<0.0001). Images showing the most significant voxels are show in the Figure 6-4 below. No other 
significant changes were found in other bands. 
 
Alpha 2 band 
 
Beta 2 band 
Figure 6-4 Map of PCC  seed based phase lagged synchronisation changes from baseline to 6 week follow up in the 
narrowband  feedback group. 
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Placebo Feedback Group 
Significant changes were found in the theta, alpha 1 and beta 1 bands (p<0.0001). Images showing 
the most significant voxels are shown below. No other voxels in other bands were found to be 









Beta 3 band 
Figure 6-5 Map of PCC  seed based phase lagged synchronisation changes from baseline to 6 week follow up in the placebo  
feedback group. 
  
Posterior Default Mode Analysis 
Broadband Feedback Group 
No significant changes in the connectivity of the posterior default mode network were found 
comparing the immediate follow up recording to the pre training recording. Images showing the 
changes in connectivity at the p=0.071 level are found in Figure D-3 in appendix D5. 
Narrowband Feedback Group 
Significant changes were found in the connectivity of the posterior default mode network were 
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Omega band 
Figure 6-6: Changes in the posterior default mode network phase lagged synchronisation from baseline to immediate follow 
up in the narrowband feedback group  
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There was a decrease in connectivity between posterior default mode nodes at immediate follow up 
compared to baseline in the beta 1, beta 2, beta 3 and omega bands. Most strikingly there was a 
decrease in connectivity between the PCC and the left parahippocampal gyrus. 
Placebo Feedback Group 
No significant changes in the connectivity of the posterior default mode network were found. 
Images showing the changes in connectivity at the p=0.471 level are found in figure D-4 in appendix 
D5. 
Correlation of Change in Memory Scores and Change in EEG parameters 
No significant correlations were found in at the first level of correlation analysis. This means that the 
changes in the electrical activity which were measured as significant compared to baseline were not 
correlated with the changes observed in the memory score. 
At the second level of correlation analysis, three significant correlations were found. The first was a 
significant correlation between the resting alpha 1  activity and the difference between the 6 week 
follow up training score and the pre training score in the immediate memory index (r= -0.292, 
p=0.034). The second correlation that arose was between the resting connectivity in the beta 1 band 
and the difference between the immediate follow up and the pre training score in the immediate 
memory index (r=0.358, p=0.008). Finally the difference between the 6 week follow up resting state 
recording and average connectivity in the alpha 1 band correlated with the difference between the 
immediate follow up score and the pre training follow up in the immediate memory index.  
The results of the third level of correlation analysis are separated out by participant group below. 
Broadband Feedback group 
Between Session measures 
A significant correlation was found between the correlation coefficient of resting state theta phase 
lagged connectivity of the PCC to the MTL and the difference between the immediate follow up 
memory index and the pre-training memory index (β=0.647, p=0.004). A significant correlation was 
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also found between the correlation coefficient of resting state theta phase lagged connectivity of the 
PCC to the MTL and the difference between the 6 week follow up immediate memory index and the 
immediate follow up immediate memory index (β=-0.499, p=0.035). 
A significant correlation was found between the correlation coefficient of resting state alpha 2 phase 
lagged connectivity of the PCC to the MTL and the difference between the 6- week follow up 
memory index and the pre-training immediate memory index (β=-0.499, p=0.035). 
A significant correlation was found between the correlation coefficient of resting state theta phase 
lagged connectivity of the PCC to the MTL and the difference between the 6 week follow up and the 
immediate follow up delayed memory index (β=0.517, p=0.028). 
Within Session measures 
A significant correlation was found between the within session change of theta current density and 
the difference between the immediate follow up memory index and the pre-training immediate 
memory index (β=-0.552, p=0.018). 
A significant correlation was found between the within session change of beta phase lagged 
synchronisation between the PCC and MTL and the difference between the 6 week follow up 
memory index and the pre-training delayed memory index (β=-0.495, p=0.037). 
Narrowband Feedback Group 
Between Session measures 
A significant correlation was found between the correlation coefficient of training theta phase 
lagged connectivity of the PCC to the MTL and the difference between the 6- week follow up 
memory index and the immediate follow up immediate memory index (β=0.570, p=0.017). 
A significant correlation was found between the correlation coefficient of resting state alpha 2 phase 
lagged connectivity of the PCC to the MTL and the difference between the 6- week follow up 
memory index and the immediate follow up delayed memory index (β=0.492, p=0.045). A significant 
correlation was found between the correlation coefficient of resting state alpha 2 phase lagged 
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connectivity of the PCC to the MTL and the difference between the 6- week follow up memory index 
and the pre training delayed memory index (β=0.812, p<0.001).  
Within Session measures 
A significant correlation was found between the within session change of alpha 2 current density 
and the difference between the immediate follow up memory index and the pre-training immediate 
memory index (β=-0.495, p=0.044). A significant correlation was also found between the within 
session change of alpha 2 current density and the difference between the 6 week follow up memory 
index and the pre-training immediate memory index (β=-0.672, p=0.003). 
Placebo Feedback Group 
Between Session measures 
A significant correlation was found between the correlation coefficient of training theta phase 
lagged connectivity of the PCC to the MTL and the difference between the immediate follow up 
memory index and the pre-training immediate memory index (β=0.525, p=0.025). 
A significant correlation was found between the difference in the alpha 2 connectivity in the 6 week 
follow up session and the average of the other sessions, and the difference between the 6 week 
follow up and the immediate follow up immediate memory index (β=-0.515, p=0.029). 
Within Session measures 
A significant correlation was found between the within session change of beta 1 current density and 
the difference between the immediate follow up memory index and the pre-training immediate 
memory index (β=-0.639, p=0.006). A significant correlation was also found between the within 
session change of beta 1 current density and the difference between the 6 week follow up memory 
index and the immediate follow up immediate memory index (β=-0.588, p=0.013). 
A significant correlation was found between the correlation coefficient of training beta 1 phase 
lagged connectivity of the PCC to the MTL and the difference between the immediate follow up 
memory index and the pre-training immediate memory index (β=0.523, p=0.031). A significant 
correlation was found between the correlation coefficient of training beta 1 phase lagged 
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connectivity of the PCC to the MTL and the difference between the 6 week follow up memory index 
and the immediate follow up immediate memory index (β=0.579, p=0.015). 
Responders vs Non-Responders 
There were 12 people classified as responders in the broadband feedback group, 11 in the narrow 
band feedback group. For comparison, there were six participants classified as responders in the 
placebo feedback group. There were no significant differences found in the baseline variables, nor in 
the baseline EEG data.  
There was a significant difference in the change in current density in the alpha 2 band between all 
the responders and the non-responders. The regression coefficient was 0.034 higher in the non-
responders compared to the responders group (t33=2.276, p=0.029). This indicates that the increase 
in the alpha 2 current density in the PCC was higher in the non-responders compared to the 
responders. No other significant differences were found in the EEG variables.   
No significant difference was found between the responders and non - responders when analysis 
was restricted to either the broadband feedback group only or the narrowband feedback group only. 
Further mixed model analyses of the change in immediate memory. 
Stratified analysis 
In the participants who started on form A, a significant first order effect with respect to time was 
found (p<0.001). No significant first order effect with respect to group was found (p=0.597). 
Furthermore, no significant second order effect was found (p=0.655 for a group*time interaction). 
The post hoc testing showed that in all groups in group A, there was a significant difference in the 
immediate memory score within the group between the pre training and immediate post training 
session, and between the pre training and 6 week follow up score, but no difference was found 




In the participants who started on form B, a significant first order effect was also found with respect 
for time (p<0.001). No significant first order effect was found with respect to group (p=0.779). Also, 
no significant second order effect was found (p=0.231 for a group*time interaction). 
Post hoc testing in group B revealed that in the all of the groups, within each group there was no 
significant difference between the pre training and the immediate post training score. In the 
broadband feedback group there was a significant difference between the pre training and the 6 
week follow up score but no significant difference between the immediate follow up and the 6 week 
follow up. In the narrow band feedback group, there was a significant difference between the pre 
training 6 week follow up, and a significant difference between the immediate follow up and the 6 
week follow up. There were no significant differences between any time points in the placebo 
























































Neither people who started on form A nor people who started on form B showed significant second 
order effects, suggesting that there was no significant treatment effect when using this form of 
analysis to adjust for the form effect. 
Adjusted Analysis 
A significant first order effect was found with respect to time (p<0.001). There was no significant first 
order effect with respect to group (p=0.826). No second order effect was observed (p=0.255 for a 
group*time interaction). 
Post hoc analysis revealed that in the broadband feedback group there was a significant increase in 
the immediate memory score between the pre training and the post training scores. There was also 
significant differences between the pre training and the 6 week follow up score, and the immediate 
follow up and the 6 week follow up score. The narrow band feedback group did not have a 
significant change from pre training to immediate follow up, but did have a significant increase pre-
training to 6 week follow up, and from immediate follow up to the 6 week follow up. The placebo 
feedback group had a significant increase from immediate follow up to 6 week follow up and from 
pre training to 6 week follow up, but no significant increase from pre training to immediate follow 





































2.9 0.279 5.7 0.04 8.6 0.001 
  
This would suggest that the maximum treatment effect, assuming there was no effect carried over 
past the cessation of training, was 4.4 points on the immediate memory index, seen in the 
broadband feedback group, adjusting for the form effect between form A and form B.  
Analysis of Form Effect 
In each graphs  below, the group that started on form A increased between the pre training and 
immediate follow up immediate memory score, but did not have as marked an increase between the 
pre training and the 6 week follow up score. In contrast, the group that started on form B did not 
increase between the pre training and immediate follow up score, but had a more marked increase 
between the immediate follow up score and the 6 week follow up score. The graphs in Figure 6-7 to 
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6-9 corroborate the linear modelling findings described in chapter 5. This results in a difference 
emerging between the group that started on form A and the group that started on Form B at the 
immediate follow up time point, and the disappearance of this difference at the 6 week follow up 
time point. This pattern was present in both the active groups. The changes in the placebo group 
were of a lower magnitude, but in the same direction as that seen in the active groups. . This 
indicates some degree of test retest bias on top of the form effect. 
The correlation coefficient of pretraining vs 6 week follow up immediate memory score of 0.552, 
indicating a moderate degree of correlation between the scores. Across the whole 52 participants 
who completed the 6 week follow up, the scores increased on average 10.4 points between the pre 
training score and the 6 week follow up. This indicates a moderately reliable increase in the 
immediate memory score in this situation. 
 
Figure 6-7: Boxplot of Immediate Memory score at pre-training, immediate follow up and 6 week follow up separated by 




Figure 6-8 Boxplot of Immediate Memory score at pre-training, immediate follow up and 6 week follow up separated by 
RBANS form in the narrowband feedback group 
 
Figure 6-9 Boxplot of Immediate Memory score at pre-training, immediate follow up and 6 week follow up separated by 






Chapter 7 Discussion 
Key Results of the Randomised Controlled Trial 
 223 volunteers were screened to take part in the trial. 68 participants met the inclusion 
criteria, and 53 of these completed all 15 training sessions 
 No significant randomisation*time effect was found for either the Immediate Memory Index 
or the Delayed Memory Index. All groups had similar scores at immediate follow up and 6 
week follow up 
 A significant increase in the Alpha 1 activity in the narrowband feedback group was 
detected, suggesting some electrophysiological training had occurred. 
 A significant increase in Beta 1 connectivity occurred in the broadband feedback group, and 
a significant increase occurred in the theta activity and beta in the narrowband feedback 
group, indicating non-training specific EEG changes had also occurred. No significant changes 
were found in the placebo group 
 A significant difference in the level of difficulty between the different forms of the RBANS 
was found. Participants who started on form A and moved onto form B improved a lot more 
than participants who started on form B 
 Non-specific changes in the resting state index at 6 week follow up in all three trial arms 
Effect of Biofeedback Training on Immediate Memory 
We found a first order effect on immediate memory with respect to time, but none with respect to 
randomisation, nor did we find a second order effect for a randomisation*time interaction. This 
means that the immediate memory scores changed over time, but this change was the same in each 
group. Post hoc testing of the change in immediate memory showed that this change was due to an 
increase between the pre training value and the immediate post training value, with very little 
change between the immediate post training value and the 6 week post training value. This 
difference was mostly due to the effect of switching between form A and form B of the RBANS. 
Because most people in the trial started on form A, and most people who started on form A scored 
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higher on form B at the immediate follow up session regardless of what treatment arm they were 
assigned to, this lead to the change in the immediate memory index seen over time.  Therefore, it is 
unlikely that the biofeedback training had any real effect on participants’ immediate memory recall 
ability.  
Effect of Biofeedback Training on Delayed Memory 
We found a first order effect in the delayed memory with respect to time, but no first order effect 
with respect to randomisation, nor a second order randomisation*time interaction. An 
approximately seven point increase in the delayed memory index was recorded in each group 
between the pre training score and the 6 week follow up score. In the broadband feedback group, 
the majority of this increase happened between the pre training and immediate follow up time 
points, in the narrowband feedback group and the placebo feedback training group, the majority of 
this change occurred between the immediate follow up score and the 6 week follow up score. 
Because the score increase was approximately the same in each group, it is more likely that the 
increase is attributable to form effects as discussed below, test retest bias and other unmeasured 
therapeutic factors, also discussed below.  
Effect of Biofeedback training on other cognitive variables 
Significant first order effects for time were found on linear modelling for the visuospatial and 
language indices. For the visuospatial index, a significant decrease was found in the broadband 
feedback group between the immediate follow up and the 6 week follow up period, whereas in the 
narrowband feedback group there was an increase in the visuospatial score between in the pre 
training test and the immediate follow up test. Both these changes were of a magnitude which we 
considered small, around 7-8 points on the RBANS scale. It is possible that significant time spent 
staring at a computer screen, as these participants had, might affect the participants’ ability to 
process visual information, although this has been found not to affect visuospatial ability in children 
(238). Given that there was no change in visuospatial score in the placebo group, and the two 
training groups were affected differently, and the relatively poor localising ability of sLORETA in our 
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setup, it is possible that the changes in both the broadband feedback group and the narrowband 
feedback group represent real training effects of the different training protocols. It has been shown 
that training of alpha power in posterior electrodes can result in an increase in visuospatial ability 
(239). The effect seen in the narrowband feedback group could be a late or rebound effect of this 
phenomenon. Further careful study is required to evaluate whether this effect on visuospatial ability 
is a genuine effect of this kind of biofeedback training.  
There was also a first order effect for time on the Language index score. The language index 
increased in the broadband feedback group and decreased in the narrowband feedback group 
between the pre training score and the 6 week follow up score. These are small absolute differences, 
and are unlikely to represent a clinically significant change in ability as a result of the training. 
EEG Activity and Connectivity Outcomes 
Comparison to matched ‘normal brain’ 
No significant differences were found at baseline between participants who took part in the trial and 
the matched ‘normal brain’ controls. Our selection criteria into the study was very loosely based on 
MCI diagnostic criteria, which means we have a very heterogeneous cohort. This was done to 
increase the numbers of participants in the trial, given the sample was drawn from the Dunedin 
community; however it may have resulted in a cohort that was only very subtly different from the 
general population, and so the study was not powered to detect differences in the electrical activity 
between this cohort and the general population. This is also true for the group level analysis. 
Change in Whole Brain Current Density Maps 
No significant differences were found in the whole brain activity for the resting state recording 
between the pre-training recording and the immediate follow up recording. This is in line with what 
has been found with training of the PCC in the past. Activity remains unaffected by training of the 
PCC, whereas connectivity tends to change (134). Some significant changes were found between the 
6 week follow up resting state recording and the pre training resting state recording in all of the 
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groups. However, the level at which these are significant has such a low spatial resolution means 
that the results are not very meaningful in reality. 
Change in Default Mode Network Connectivity 
No significant difference in the default mode connectivity between the cohort in the biofeedback 
training and the matched controls. Initially it was thought that people with decreased memory 
would have decreased connectivity of the default mode network, given the importance of the 
default mode network to memory as stated in the introduction. However, our study did not find any 
significant differences.  
The biofeedback training was theorised to work by normalising abnormal connectivity, particularly in 
the default mode network. In order to assess whether this was happening at all, we looked at the 
general direction of changes rather than the specific changes which weren’t statistically significant 
individually. If the training did normalise the connectivity, the changes seen between the pre training 
and immediate follow up would be in the opposite direction to the changes seen when comparing 
the participants in the trial to the ‘normal brain’ controls. In general, these results presented here do 
not support this trend. In the broadband feedback group, there was a reversal of the trend in the 
theta band but this was also true of the placebo feedback group. There was no reversal of trends 
seen in the narrowband feedback group. The mechanism of biofeedback using sLORETA feedback of 
the PCC does not appear to work through reversal of abnormal trends. 
Other EEG Metrics 
Significant trends were found in the in-training data of both the narrowband feedback group and the 
broadband feedback group. There was a significant trend in the beta connectivity of the PCC with 
the parahippocampal gyrus over time. In our hypothesis generation correlation matrix, a significant 
correlation was found between the beta connectivity in the resting state over time and the change in 
memory scores. This could mean that targeting beta 1 connectivity would lead more significant 
changes in memory in future studies. 
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A significant trend was found in the activity located in the PCC in the alpha 1 band in the 
narrowband feedback group. This is an interesting finding, because the activity in the alpha 1 band 
was a directly targeted by the biofeedback program. This was true for the in-training EEGs that were 
taken but not the resting state EEGs. This would seem to indicate that training of the PCC is possible 
with this sLORETA training technique; however two aspects of this training remain unproven. One is 
whether this training has any lasting impact on the EEG activity of the trainee. We found no evidence 
of this. The second aspect is whether training of the PCC can have an impact on the trainee’s 
cognitive function. The evidence generated by this trial suggests that training of the alpha band has 
no impact on the cognitive functions we measured.  
There is some evidence of a rebound effect of the biofeedback training. At the 6 week follow up 
recording, there was a substantial change in some variables from the other resting state recordings. 
In the placebo group, there was a change in the theta connectivity, in the broadband feedback 
group, there was a change in the alpha 1 connectivity, and in the narrowband feedback group there 
was a change in the beta 1 connectivity. The changes in the broadband and narrowband feedback 
groups were proportionately larger than that in the placebo group, which could suggest that this was 
a real effect of training. One theory on the mechanism of biofeedback is that training of a particular 
frequency in one direction can result in a shift in the opposite direction when the training stimulus is 
removed, as the brain corrects for the training stimulus. This has been described in previous studies 
(240). No evidence of immediate rebound effects was found in this study; however, the change in 
the broadband and narrowband feedback groups at the 6 week follow up session could represent a 
late effect of the biofeedback training. Closer follow up over the post training period could further 
elucidate this effect. An alternative hypothesis is that the effortful concentration of the participants 
on the biofeedback training screen resulted in long term changes in their EEG activity. Regardless of 
whether the participants were engaging in real feedback or placebo feedback, they all made an 
effort to concentrate on the bar on the screen. So all participants were engaged effortful activity 
which was regular and carried out intermittently over an extended period of time. This may have 
202 
 
had an effect on their EEG activity, which would explain why changes were seen in the placebo 
group as well as the active training groups. 
The changes in the within session EEG metrics are likely to represent non-specific effects, given that 
significant changes were found within the placebo group as well as the active groups. The within 
session changes in the connectivity indices in the broadband feedback group could represent a real 
effect; however this is unlikely given that correlations with memory outcomes were found in all 
groups including the placebo feedback group. 
Trial Aims 
The randomised controlled phase of this study had four stated aims. These are addressed 
individually below. 
Compare Source Localised EEG biofeedback to Placebo Feedback 
The pilot study described in chapter 4 was an uncontrolled study in a small group of people. There 
were some interesting results from this study. In particular, although we did not find significant 
changes in the EEG metrics used in that study, we found an increase of 12.4 points on the RBANS, 
which assuming the standard deviation of 15 measured in the RBANS validation studies (178), gives 
an effect size of 0.82, a strongly positive result. This result was replicated by the broadband feedback 
arm of the randomised controlled trial, with an estimated effect size of 0.78. The randomised trial is 
therefore a good replication of the pilot study, despite the fact the cohort recruitment criteria was 
different. 
However, the effect size in the placebo group was 0.63, meaning the effect found in the pilot study is 
unlikely to be a true effect of source localised EEG biofeedback. Most of this effect appears to be 
attributable to the differences in the forms of the RBANS, but test retest effects and non-specific 
placebo effects are also likely to play a part as well. 
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Compare the Narrowband Feedback to Broadband Feedback 
Two slightly different forms of source localised EEG biofeedback were tested in this trial. The first 
group, the broadband feedback group, replicated the feedback in the pilot study, training both alpha 
and theta frequencies up (4-14Hz). The second active group, the narrowband feedback group, 
trained just the alpha frequencies up (8-14Hz). Both arms had protocols which trained beta and 
gamma frequencies down (20-40Hz). In the narrowband feedback group, there was a statistically 
significant trend toward increasing alpha frequencies during training, meaning the participants did 
manage to gain some control over the targeted frequency. In contrast, the trend found in the 
broadband feedback group was not a trained frequency. It would appear from this result, the 
participants are better able to change the narrower frequency band. It is unlikely that the effect is 
due to alpha frequencies being easier to train, because both groups were exposed to the 8-14Hz 
range. It is possible that if training were restricted to the 4-8Hz range, a similar effect would occur in 
the theta frequency range. However, there was no effect on cognitive outcomes in either group, and 
so changing these variables has no positive impact for the participants on the metrics we used.  
Test Biofeedback in a Population with General Memory Deficits 
There were two main reasons for testing the biofeedback training in a population of people with 
general memory deficit rather than a cohort with aMCI according to the NINCDS-ADRDA criteria (30). 
The first reason was so that we would be able to recruit enough people from the wider Dunedin area 
to be able to find a statistically significant change in the memory scores of approximately the same 
level found in the pilot study. The second reason is that this represents a population of people who 
might benefit from improved memory. Many of the participants in the study expressed concern 
about their perceived memory deficit, and wanted to help find potential solutions to the problem. In 
addition, subjective memory decline (SMD) is a clinical entity which describes cognitively normal 
adults who express greater than average concern over their memory, and represents a higher than 
average risk of developing Alzheimer’s disease (241). Many of the participants who were in the trial 
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could be categorised as SMD, and therefore testing of interventions to restore function and prevent 
decline in this group is appropriate. 
We were successfully able to recruit a moderate size cohort with our inclusion criteria from the 
Dunedin population. These participants had deficits in the immediate memory index as expected by 
our selection process, but also had delayed memory deficits and to a lesser extent lower scores in 
other domains as well. The deficits in domains other than the immediate memory index makes it 
likely that the cohort recruited is inherently different to the screened population, rather than an 
artefact produced by our selection criteria.  
Because of the similar results found between the pilot study and the full randomised trial, it is likely 
the results of the randomised trial can be applied to a trial conducted under similar circumstances 
with the stricter inclusion criteria of the pilot study. Given the form effect and the placebo effect 
observed in the randomised trial, it is likely that a group of people with aMCI under the NINCDS-
ADRDA criteria would have an improvement of around seven to nine points in the immediate 
memory index between pre training and immediate follow up score through repeat testing alone. An 
observed effect would need to exceed nine points significantly to be considered a genuine result of 
training.  
In theory, people with aMCI should experience a greater improvement in memory in than people 
with SMD but not aMCI. This is because the people with aMCI should have patterns of EEG 
connectivity that are more unlike a healthy brain than people with SMD (242). And if the 
biofeedback works by reversing abnormal changes in the connectivity, it should be reversed more in 
people with more abnormalities. Conversely if there were no real training effect, we might expect 
the group with less cognitive decline to experience a greater improvement in memory score, 
because more they have more cognitive reserve, and non-specific therapeutic effects will have a 
greater impact on the result. The studies described here would seem to support the latter theory. 
Comparing the participants of the pilot study to those participants in the broadband feedback group 
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who were randomised to start on form A, which most closely replicates the circumstances of the 
pilot study, we find the people in the broadband feedback group improve by 16 points on the 
immediate memory index, whereas the people in the pilot study improve by 12.4 points. 
Identify EEG Biomarkers for Mild Cognitive Impairment 
This trial found no EEG biomarkers for Mild Cognitive Impairment. This study was not powered to 
find small effects, and given our inclusion criteria it is unlikely that large differences between the 
participants in the trial and the control participants would exist anyway. A much larger study of both 
participants with cognitive impairment and cognitively normal controls would be required to find 
significant differences in the baseline EEG parameters. No real change was observed in the memory 
scores between the pre training and immediate follow up scores, so it is unclear whether significant 
changes in the participants’ EEG characteristics over time, such as the increase in the beta 1 
connectivity between the PCC and the parahippocampal gyrus in the broadband feedback group or 
the increase in the alpha 1 current density in the PCC in the narrowband feedback group, are related 
to memory outcomes. The changes observed were not correlated with the memory scores using 
conservative assumptions such as Bonferroni correction.  
A negative correlation was found between the theta connectivity of the PCC to the parahippocampal 
gyrus at baseline and the delayed memory score. This association was moderate. However, the 
correlation is the opposite of what we would expect given the model put forward in the introductory 
chapter.  We postulated that phase lagged synchronisation in low frequency bands allows the 
transfer of information coded by high frequency activity between discrete brain regions. Under this 
theory, higher connectivity in the low frequency bands should result in more efficient information 
transfer. For example, greater synchronisation between the PCC and the parahippocampal gyrus 
should result in more efficient retrieval of memory information, and thus greater recall. However, 
we found that people with lower theta connectivity between the PCC and the medial temporal lobe 
at baseline tended to score worse on the delayed memory index. If this result is replicated in a larger 
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cohort, it could indicate that theta connectivity does not contribute to memory retrieval in the way 
predicted by this model. 
Participants’ view of Biofeedback Training 
Most participants found the initial biofeedback sessions acceptable, because it was generally non-
invasive and had very few side effects, other than general fatigue. However, the biofeedback 
program we designed for this trial was very arduous for the participants. At least 10 either refused to 
participate in the trial or dropped out of the trial when they realised the time commitment required 
to take part in the trial. This means in reality that most of the people who took part in the trial were 
retirees or did the training in the early morning or the late evening. Even so, many of them 
complained about the time commitment involved in the study. 
The participants were asked about whether they thought they had experienced any memory benefit 
from the biofeedback training at the immediate follow up period. Fifteen of our participants stated 
that they had experienced some beneficial effect on their memory with the trial. Without taking into 
account the form effect, we checked to see whether these participants had improved by 10 or more 
points on the immediate memory index of the RBANS. Nine of these participants hadn’t. Twenty 
three participants experienced an increase of 10 or more points on the RBANS but had denied 
experiencing any kind of benefit. In total 63% of our participants had a dissonance between the 
experienced benefit and the crude measured benefit. A major explanation for this is that the RBANS 
test has serious limitations in measuring real benefit. Another possible reason is that participants are 
attuned to noticing episodes of forgetfulness, because our recruiting method selects for a cohort 
that is particularly concerned about their memory. It has been documented that people’s complaints 
about their memories are more related to anxiety about aging than actual memory performance 
(243). And so a substantial improvement, greater than one standard deviation, in memory scores is 
required to overcome the participant’s inherent bias before they actually perceives a real benefit 
from the training.   
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When these two factors listed within this subsection are combined, it is possible to see that 
biofeedback is never likely to be a popular therapeutic strategy. The participants are engaging in a 
very time consuming and effortful activity that they may have difficulty perceiving a benefit from. 
Even if this biofeedback strategy had managed to generate moderate improvement in memory 
function for the participants it is unlikely that they would have had positive view about the 
treatment program.  
RBANS Form Effect in the Immediate Memory Index 
The two different forms of the RBANS were used to reduce repeat testing effects. In the validation 
cohort that validated the forms in the United States, the RBANS forms A and B are equivalent in all 
the RBANS index domains. The estimated effect of repeat testing in this validated cohort was 1.3 
points in the immediate memory index, and 2.1 points in the delayed memory index. Difference 
between form B and form A, in a counterbalanced design of people switching from form A to form B 
and switching for form B to form A, with a testing interval of one to seven days, showed a difference 
of 0.2 points in the immediate memory index and -5.2 points in the delayed memory index (form A 
was higher) (178).This indicates a high degree of reliability between the forms in the United States. It 
is a reasonable assumption to believe the forms would act similarly in the New Zealand context, and 
this influenced the design of our study. 
Amongst all the people who were screened into the biofeedback training there was a significant 
difference in the immediate memory index score of 7.8 points. However amongst the people who 
qualified to take part in the study, who scored below 90 in the immediate memory index, there was 
no significant difference between the forms, aside from the skewed number of people entering the 
trial on form A compared to form B. Additionally people who switched from form A to form B 
dramatically increased their immediate memory score. This was true both for people who were 
randomised initially to form A, who switched between form A and form B between the pre training 
and the immediate post training follow up, and for people who were randomised to form B, who 
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switched between form A and form B between the immediate follow up and the 6 week follow up 
score. It seems from this pattern that the form effect is particularly pronounced in the range 
between 90 and 110. A further study might be able to identify whether this pattern holds true for 
New Zealanders who initially score higher, such as 100 or 120. 
There is some indication that there was a form effect in the likelihood of selection into the trial. 
More people were recruited when they were initially randomised to form A than when they were 
initially randomised to form B. This is probably because the memory section of form B is slightly 
easier, so somebody with a mild memory deficit has a greater chance of scoring a normal score on 
form B than on form A. However, there is little difference between the forms at the baseline test and 
the 6 week follow up test, and major differences are only found between the forms at the 
immediate follow up. The fact that the groups end up looking similar in this score at the 6 week 
follow up would seem to indicate that the group entered into the trial on form A, who wouldn’t be 
entered into the trial in form B, do not exert a significant effect on the result of the mixed model 
analysis. In addition this is not likely to have affected the final result on the primary outcome of this 
study, because the proportion of people randomised to form A compared to the proportion 
randomised to form B is similar in each group.  
There is a divergence in the immediate memory score between participants on form A and form B at 
the immediate follow up time point, and at the 6 week time point the difference between the forms 
seemed to disappear. Because participants were tested on the different forms on a 1-2-1 pattern, 
that is somebody starting on form A was tested on form B for the immediate follow up and then was 
tested on form A for the 6 week follow up, this meant that the form they were tested on at the 
beginning was the form they were tested on in at the end. Given that we have found evidence that 
no real group effect is occurring, we can therefore say that most of the difference between the pre-
training score and the 6 week follow up score is due to a repeat testing bias. It is clear that while this 
is a substantial effect, it is fairly consistent between the groups. The RBANS test could therefore be 
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used in future studies, by consistently testing on one of the RBANS forms to remove the form effect, 
and measuring the difference in the rate of change of the immediate memory score, as a viable 
means of assessing the efficacy of a memory intervention.   
The finding that the biofeedback training demonstrates no real effect is robust both to stratification 
analysis and to an adjusted analysis with some liberal assumptions. The form effect contributes 
around 16 point’s difference between the groups at immediate follow up compared to the 
pretraining score. Because of the balance of form A and form B between the groups, this means that 
the change in score in the broadband feedback group as a whole for example is eight to nine points 
higher than it should be. If there is a further change in the immediate memory score additional to 
form effect, it cannot be a clinically significant difference, given that the magnitude of the change in 
score is so small.  
There are a number of reasons a form effect could exist in this cohort. One of the main reasons for 
non-equivalence in a New Zealand setting, where equivalence was found in the validation studies in 
the United States, is the different frequency of words. It is well established that memory tests such 
as the list memory task in the RBANS are affected by the frequency of words in the background 
population (244). The words that make up the list memory in the RBANS form A may have equivalent 
frequency in the United States to the words in form B, but may not be in New Zealand. And so when 
testing in New Zealand, the forms may not be equivalent. In addition, the story memory in form A 
had an awkward phrase in the middle of it, about a ‘three alarm fire’. It is not common practice in 
New Zealand to refer to the size of a fire by the number of alarms, and this feature of the story may 
have interrupted memory encoding for the rest of the story. These two features of the tasks that 
make up the immediate memory index score may mean that there is lower equivalence of form A 
and form B in the New Zealand population compared to a population from the United States 
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Discussion of Strengths and Limitations of the Trial 
Heterogeneity of the Selected Cohort 
The inclusion criteria of the randomised controlled trial was left deliberately wide, to maximise 
potential recruitment. Further, unless particular concerns were raised about a participant, their 
medical background was not checked independently, and therefore prompted disclosure was 
generally required to discover if a participant had a neurological or psychiatric condition that met 
our exclusion criteria. Furthermore, it is entirely possible that concurrent medical conditions that the 
participants may have had, including undiagnosed neurological conditions, may have impacted on 
the participants performance in both the cognitive assessment and the EEG parameters. 
Therefore any real effect of the biofeedback training, if small, may have been masked by the 
underlying heterogeneity of the sample. If participants who did meet the stricter NINS-ARDA criteria 
for aMCI did genuinely benefit from biofeedback training, this effect would likely have been masked.  
Effectiveness of Randomisation 
The randomisation procedure used in this trial appears to work sufficiently. The broadband feedback 
group had an older average age, but the distribution was also more spread out. This could have had 
some influence over the results in this trial; however we did not find any effect of age on change in 
memory score, and the distribution was more spread out than in the other groups, so this would 
have cancelled out a linear effect with respect to age. The years of education and number of people 
who were initially randomised to form A was evenly distributed between the groups. The baseline 
memory index score were evenly distributed between the groups as well. The immediate memory 
score and the delayed memory score was only slightly lower than in the other two groups.  So the 
trial result is unlikely to be affected by the characteristics at baseline. 
2 Back testing 
The 2 back testing was introduced in order to assess any effect of the biofeedback training on 
working memory, which is a functionally different system to the medial temporal lobe system that 
the biofeedback training was targeted to. However, the 2 back test was not sufficiently 
211 
 
discriminatory both within participants and between participants to make any conclusions. The test 
we used had both a ceiling, at 100% correctly identified, and a floor at 0% with no correctly 
identified matches. There was a large standard deviation in the percentage correct answers within 
each group, meaning that any change within the bounds of the test are unlikely to come up as 
statistically significant. In future studies in this area, a different set of parameters should be used to 
measure working memory, such as a digit span backward task. A more discriminatory kind of n-back 
testing could also be used, such as the percentage of omissions and commissions separately, and 3-
back testing. 
Placebo Effects 
Both the pilot study and the randomised controlled trial required a significant amount of interaction 
between the biofeedback operator and the participant in the trial. The participant was required to 
complete a session about every second day for a month. Because the initial testing was undertaken 
by the same person as the final testing, and the same person who set up all the biofeedback training 
sessions, the participants were much more familiar and comfortable with the examiner during the 
final training session than during the first training session. A significant therapeutic relationship 
could develop between the biofeedback operator and the participant during this time. The 
participant also might become more comfortable with the examiner for the repeated memory 
testing, which could result in the participants scoring higher at follow up (245, 246). These two 
factors may have contributed to the increase in the RBANS immediate memory score over time. This 
effect is quite large. The difference between the average score at the 6 week follow up and the pre 
training was 12.2 points. At this time point the form effect did not have a large magnitude effect on 
the scores, so most of the increase in scores between the time points is due to these placebo effects. 
It was initially thought at the end of the pilot study that these placebo responses would have an 
even effect on each of the RBANS indices, and it was concluded that because the immediate 
memory index moved far out of line with the rest of the indices, it was unlikely placebo responses 
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had a large impact on the pilot study results. However it appears that the immediate memory index 
is particularly susceptible to these kinds of biases. 
All study participants had the same biofeedback operator for every session. This controls for any 
potential bias that could develop from different therapeutic relationships between the operator and 
the participants. However, the biofeedback operator also carried out all the neuropsychological 
testing, meaning that over the course of the trial, the participant had a much greater familiarity with 
the operator than they did at the beginning, which would accentuate the change in memory score. 
This is true for all groups, which means that this familiarity effect is unlikely to have had a 
differential effect on the trial arms.  
RBANS floor effect 
The RBANS has a floor effect in each of the cognitive indices. The minimum score for each of the 
cognitive indices was 40 points, which would be scored if the participant scored poorly in the 
subtests that contributed to that cognitive index. aMCI participants of the pilot study typically scored 
very poorly in the delayed memory index. Several participants in the pilot study scored the minimum 
score of 40 points for the delayed memory index. This occurred more often in the pre training 
cognitive than the post training cognitive test. This introduces bias into this index, because the true 
extent of the delayed memory deficit beforehand is masked by the floor effect in the cognitive test.  
Comparison to Other Trials 
This is the first study to used source localised biofeedback, localised to the PCC in order to improve 
memory outcomes in people with mild memory problems. However, because of the low spatial 
resolution of the sLORETA method, it localises activity more generally than just the pre-specified 
voxels. Given the area and the frequency band that was targeted by the biofeedback program, this 
strategy is roughly equivalent to a posterior alpha strategy. There are a number of studies that use a 
posterior alpha strategy to improve memory outcomes, including studies which had either placebo 
or wait list controls such as Nan et al 2012 (147), Escalano et al 2014 (143), Escalano et al 2011 (142), 
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and Lecomte et al 2011 (195). In general, as was stated in chapter two, posterior alpha strategies 
tended to show an improvement in memory parameters regardless of whether there was an 
improvement in the alpha power. In contrast, the narrowband feedback group in our study found an 
increase in alpha in the PCC, with no apparent improvement in memory. This discordance was not 
found in any of the studies using an alpha strategy in mentioned in chapter two, although three of 
the eight studies which found an improvement in alpha power were uncontrolled studies. . 
The method stated in chapter two to measure the difference in effect size between the intervention 
and control group was used to compare this trial to the other studies included in the meta-analysis 
in chapter 2. The broadband feedback group and the narrow band feedback group are analysed 
separately. Figure 7-1 compares the change in effect size to the size of study. 
 
Figure 7-1: The effect size vs the total sample size of studies of biofeedback for memory 
This trial showed a smaller effect size than previous studies, particularly smaller than previous alpha 
type strategies. Interestingly, though, it showed a similar effect size to a study of comparable size, 
Nan et al (147). Our study would seem to follow the trend that larger studies show smaller effect 
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sizes. This is particularly true of the narrowband feedback group, which is the only one with a 
negative effect size as per our calculations (that is the control group experienced a greater effect 
than the intervention group).  
Validity  
The criteria to demonstrate validity of biofeedback training, as set out by Gruzelier in his three part 
review of using biofeedback to improve performance (138-140), include specificity such as band 
specificity, cognitive specificity, or locality specificity, and either a unique cognitive change 
compared to a control group or a correlation between the neurological response and the cognitive 
change demonstrated by the experimental group. In this thesis, neither the broadband feedback 
group, nor the narrowband feedback group demonstrated band specificity. No group demonstrated 
an overall improvement in cognitive scores attributable to the training, so this training could not be 
defined as specific to any neuropsychological property assessed. There is also no evidence of 
topographical specificity. This might not be expected due to the fact that the memory networks 
involved such as the DMN are distributed over a wide topographic area.  
Furthermore no unique cognitive change was observed in either of the active training groups in the 
validation analysis. Changes were observed in the immediate memory index in all groups, but also 
changes were observed in other cognitive domains. Therefore, even if a significant change was 
observed in a memory domain, it would not be a unique cognitive change as a result of training. 
A correlation analysis did not reveal a unique correlation between the current density response to 
training and the cognitive outcomes. Significant correlations were found in all of the groups for both 
the between session measures and the within sessions measures. The fact that correlations were 
found in the placebo group means that the correlations found in the active groups cannot be 
interpreted as the unique effect of training.  
A group analysis may hide a real effect if a significant number of non-responders are present within 
that group. Performing a correlation analysis should demonstrate that successful training can occur 
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in some people if this effect is hidden by the non-responders. The responders change their 
neurological profile and should therefore change in the cognitive measure as well. Therefore a 
strong correlation will occur in the active group. The placebo group should have no change in either 
parameter if the training is a real effect, and so no correlation should become apparent. This is why 
the presence of significant correlation in the placebo group means that the correlations found in the 
active group cannot be considered to be the result of the biofeedback training; they must be the 
result of non-specific influences on the EEG. 
In order to confirm the validity, certain evidence is required. If the premise that training of the PCC 
does not affect the current density of theta but the phase lagged connectivity to the MTL (134) then 
the following would be shown:  
1) Biofeedback training would result in a unique increase in the phase lagged synchronisation 
between the PCC and MTL 
2) Biofeedback training would produce a unique increase in one cognitive domain, such as 
memory.  
3) An increase in the phase lagged synchronisation would be uniquely correlated with the 
memory score.  
These features were not present, hence additional validity analysis did not identify any subgroup of 
responders. 
Conclusion of Randomised Controlled Trial 
Source localised biofeedback of the PCC to increase in power of alpha and theta, or the power of 
alpha alone, does not appear to have any real effect on immediate or delayed memory outcomes. 
Most of the effect found in the pilot study can be attributable to the non-equivalency of the RBANS 
forms in the population tested and more general placebo effects. Training of the EEG parameters is 
possible; however this appears to be unrelated to memory outcomes.    
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Chapter 8 Implications for Future Research 
From the data produced in this study, it is possible to conclude that there is no significant real effect 
of source localised biofeedback of the PCC in the bands we trained. If there was a real training effect, 
it is likely to be so small as to be not of any clinical value. As such, further trials of the feedback, 
using similar parameters tested in this study are unwarranted.  
This trial highlights some issues with biofeedback trials in general and with interventions to improve 
memory in general. These are discussed in more detail below.  
Future Trials to Improve Memory 
One of the key failings of the pilot study was the assumption of the equivalency of the RBANS forms. 
The forms were regarded to be as equivalent, and would largely eliminate any repeated testing 
effect that would inflate the post test. This was a reasonable assumption at the time, given that the 
validity data behind the RBANS test seemed to support this assumption (178). However this did not 
turn out to be the case. There was both a significant form effect and a significant placebo response. 
This lead us to believe at the end of the pilot study that it was worth investing further resources into 
testing this intervention further, and hence the randomised controlled trial was designed. Several 
improvements to the design of pilot studies of biofeedback could be implemented to prevent this 
kind of false lead in the future.  
Counterbalanced design 
It was noted in chapter 4 that one of the weaknesses of the pilot study was the fact that all the 
participants started on form A and finished on form B. This was improved during the randomised 
controlled trial to have a counterbalanced randomisation of the forms, which meant that half of 
recruits were screened on form A or screened on form B. Using this counterbalanced design in the 
pilot study would likely have demonstrated a form effect, as people who started on form A would 
likely improve much more than those who started on form B. So where multiple forms are being 
used, a counterbalanced design should also be used 
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However, this kind of form effect is not the only way that cognitive testing might become biased. If a 
single form is used repeated testing effects, which are discussed in chapter 3, might have an 
influence, or repeated testing with the same examiner might have a very significant effect on 
participant’s performance. In this study we found that at the 6 week follow up participant 
performance had improved, and this was not due to the difference between the two RBANS forms. 
This repeated testing effect would not have been controlled for by a counter balanced design.  
Inclusion of a Placebo Control in the Pilot Phase 
If a placebo control had been included in the pilot phase of the trial, this would have highlighted the 
issue with using the RBANS as it was being used. This potentially would have led to the earlier 
conclusion that there doesn’t seem to be therapeutic value to this intervention. A placebo group was 
not included at the time due to recruiting constraints and because the limitations of the RBANS test 
were unknown at the time. Repeated testing effects are well known within neuropsychological 
testing, and may be controlled with alternate forms (247), but this turned out to be too 
unpredictable in our population. In a setting where neuropsychological tests are used these can be 
very significant, and placebo treatments have a tendency to exaggerate the repeated testing bias 
(247). Therefore, particularly in a population which the neuropsychological test hasn’t been 
validated, a placebo group should always be included. This removes the effect of the treatment and 
therefore this repeated testing effect can be quantified, and therefore controlled for. If this occurs 
during the pilot phase of the trial, it would indicate earlier whether there was a potential therapeutic 
value earlier.  
Validation of a New Zealand Specific Repeated Memory Assessment 
It seems clear from the data we gathered that the RBANS test in the New Zealand context does not 
operate in the way it did in the validation studies in the United States. Potential reasons for this have 
been discussed previously. A short, but repeatable test that has alternative versions which are 
validated in a population of New Zealanders is required. Other tests such as the Weschler Memory 
Scale do seem to work in New Zealand populations (248), but require a neuropsychologist to 
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administer. Requiring a neuropsychologist to administer a repeatable memory battery would greatly 
increase the complexity of a trial like the one described here, and greatly increase the resources 
needed to carry out such a trial. It would therefore seem prudent to investigate whether any of the 
existing tools available generally to health care professionals is valid for this kind of repeat testing. If 
such a test does not exist, one should be developed and validated.  
Further, the test should be validated against real world outcomes. A 10 point difference was 
selected somewhat arbitrarily as a clinically significant change in immediate memory scores. The 
RBANS does differentiate between different kinds of dementias and cognitive functioning in 
different mental health conditions (212); however this is not the same as correlating through to 
functional outcomes in patients. An important outcome to many patients is the loss of function in 
their everyday lives, such as an inability to read or carry out hobbies (249). This leads to the 
question, how much more memory do participants need to be able to maintain the activities that are 
important to them? Is 10 points on the RBANS immediate memory score the difference between 
having a drivers licence in two years’ time or not?  Given the intensive commitment required to 
undergo the biofeedback training, or take part in any trial of novel therapeutics, it would be 
important to create an outcome that was clinically relevant to the patient, and if an extra 10 points 
on the immediate memory index of the RBANS was not going to have an impact on the participants 
abilities to do the things they wanted to, then it would not be worth doing despite being a massive 
improvement on the cognitive score. The clinical effect might also be related to the baseline capacity 
of the individual, for example a participant who has a 10 point improvement from 60 to 70 points 
might experience a greater improvement in functional capacity than a participant who improves 10 
points from 90 to 100. If a new New Zealand specific memory test was developed for use in clinical 
trials, it would be worth benchmarking functional capacity to the score on the test, and even 
assessing whether the current score had any predictive value for the functional capacity of the 
participant in the future.  
219 
 
Use of biomarkers 
The biofeedback tool we developed was ostensibly developed to target Alzheimer’s type pathology 
in a Mild Cognitive Impairment population. The pilot study used a strict clinical definition of mild 
cognitive impairment to closely target this population. The randomised controlled phase of the study 
targeted a much more loosely defined group, who have a subjective memory complaint and have a 
demonstrated memory deficit. However, clinical research in preclinical Alzheimer’s disease tends to 
use biomarkers, such as PiB enhanced PET imaging, CSF Aβ, APOE genotype, or neurofilament light, 
in order to more clearly define a population at risk of dementia due to Alzheimer’s pathology (31, 
32, 250, 251). Use of these biomarkers can be used to define a population which has probable 
Alzheimer’s pathology, rather than bluntly target memory loss which may or may not be due to 
Alzheimer’s pathology.  
The kind of intervention we tested targeted memory centres in general, by targeting the posterior 
cingulate cortex which links the medial temporal lobe memory system to the default mode network. 
In theory, strengthening the functional connectivity of these two networks should result in better 
memory encoding and retrieval, both for people with AD pathology and those without. Further in 
people who have altered connectivity, restoring the connectivity should mean there is a greater 
effect than in people with normal connectivity, as was discussed in chapter 1. However,  we failed to 
find any evidence of an effect in the mild memory deficit cohort that we recruited. In addition, the 
size of the effect, when taking the form effect into account, was similar between the mild memory 
deficit cohort and the clinically diagnosed aMCI cohort in the pilot study. Therefore it is unlikely that 
any significant effect would be found even if the cohort was restricted to just people with aMCI with 
evidence of AD pathology.  
It is also possible that people with evidence of AD pathology might have a reduced responsiveness to 
this kind of technology. It is known that a relative inability to learn compared to age matched 
controls is a feature of Alzheimer’s disease (252), which may translate into an inability to respond to 
biofeedback..It is possible that disruption to white matter networks causes the participant to be 
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unable to restore functional connectivity relationships despite the assistance of visual feedback. 
However, there is also no evidence in the pilot study that participants with clinically diagnose aMCI 
with worse baseline (potentially reflecting a greater burden of pathological changes) did not improve 
as much as others, to the contrary they appeared to improve more.  
Therefore, it is still unknown if imaging or biochemical biomarker confirmed Alzheimer’s pathology 
has an impact on the effectiveness of a biofeedback training regime. It could potentially be more 
effective, but could also be potentially be less effective. Thus it will be an important aspect of trials 
of interventions to improve memory in older people.  
Future trials of Biofeedback 
Posterior Alpha and Theta strategies 
When presented with the instruction to find methods to raise the vertical bar in the biofeedback 
program, the first participants found very quickly that the easiest way of doing so was to close their 
eyes. This was true for both the broadband feedback and narrowband feedback conditions. With 
eyes closed, the biofeedback parameter would rise substantially, often more than doubling. We 
hypothesised that this effect occurred because the program was detecting posterior alpha rhythms 
from the occipital cortex when the eyes were closed. The participants after the first participant in 
the pilot study were instructed to keep their eyes open for the duration of the training, because 
participants needed to see the biofeedback parameter in order for the biofeedback to work. In 
addition, several participants made comments suggesting that ‘not concentrating’ directly on the 
vertical bar actually helped raise it higher, suggesting that attention to the visual stimulus may 
hinder training. However, it may be possible to use this effect to enhance a training procedure using 
a posterior alpha strategy. Rather than using a visual stimulus for biofeedback, an audio stimulus 




There is no evidence to suggest that using an audio stimulus is better or worse than the visual 
stimulus that this study design used. Therefore, it is worth investigating whether it makes a 
difference to the clinical or electrophysiological effect of biofeedback training using a posterior alpha 
or theta strategy, for any indication of biofeedback training.  
Other Strategies 
There are a huge number of potential strategies for biofeedback. The review in chapter 2 highlights 
the variety of strategies that have already been tried in order to improve memory outcomes, 
including EEG, fMRI and infrared modalities. Narrowing the scope of possibilities down to just 
sLORETA feedback still leaves thousands of opportunities for feedback. There are 6239 different 
voxels that could theoretically be targeted in this way, although due to the spatial resolution of 
sLORETA the number of appreciably different targets would be in the hundreds rather than the 
thousands. Different frequency bands can be targeted for up training and down training. In the near 
future it may be possible to directly train functional connectivity in the form of phase lagged 
synchronisation (253), rather than target indirectly through training activity as was attempted during 
this trial. Therefore there are thousands of potential methods of biofeedback possible, and it would 
be incredibly time consuming to test them all in randomised controlled trials of the kind presented 
here. A different strategy for generating potentially fruitful biofeedback parameters for testing is 
therefore required. Therefore there is still a place for small pilot open label studies. 
In this thesis, a theory of altered connectivity between the default mode and memory networks was 
presented to justify an intervention in that pathway. In general, the literature describing studies 
looking at connectivity in aMCI and AD would tend to support the idea that altered connectivity is an 
important factor in AD. However, none of the studies found actually sought to find out whether the 
connectivity between the default mode network and the medial temporal lobe system was altered 
always in a specific direction in a specific frequency bands. Different studies appeared to come to 
different conclusions over the state of default mode connectivity, often finding that different 
connections were affected in different ways. In future, it may improve the likelihood of finding a 
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therapeutic biofeedback intervention by finding a consistent parameter that is altered in people with 
AD, or whatever condition is being considered. For example, for the purposes of this study, a large 
cohort of people with aMCI could be recruited and compared to a cohort of age and sex matched 
normal controls. We should specifically look for whether the connectivity in question, between the 
PCC and medial temporal lobe, is consistently reduced in aMCI in the theta and alpha bands. If it is 
found that it is, then it can be specifically targeted in order to normalise the parameter. If it is not 
consistently different to the control group, than it is unlikely to be a target that is amenable to 
intervention on a population basis. Redefining the group more narrowly could improve the 
likelihood of finding potential targets, for example using biomarkers to enrich a cohort of aMCI 
might improve the likelihood of finding an EEG marker amenable to intervention. However, doing 
this could pose a challenge for recruitment of participants into trials. 
Having the requirement to find a consistent parameter to target reduces the possibilities for 
intervention. A large database of EEGs from aMCI participants and cognitively normal participants 
could be queried repeatedly for different parameters, both using sLORETA and using other analytical 
techniques. When and intervention is hypothesised, the parameter can be searched for in the 
database and if it moves in a consistent direction, then this can be considered stronger grounds for 






1. Querfurth HW, LaFerla FM. Alzheimer's Disease. New England Journal of Medicine. 
2010;362(4):329-44. 
2. Burns A, Iliffe S. Alzheimer’s disease. BMJ. 2009;338:b158. 
3. Förstl H, Kurz A. Clinical features of Alzheimer’s disease. Eur Arch Psychiatry Clin Neurosci. 
1999;249(6):288-90. 
4. Piolino P, Desgranges B, Belliard S, Matuszewski V, Lalevée C, De La Sayette V, et al. 
Autobiographical memory and autonoetic consciousness: triple dissociation in neurodegenerative 
diseases. Brain. 2003;126(10):2203-19. 
5. Stokholm J, Vogel A, Gade A, Waldemar G. Heterogeneity in Executive Impairment in 
Patients with Very Mild Alzheimer’s Disease. Dementia and Geriatric Cognitive Disorders. 
2006;22(1):54-9. 
6. Bayles KA. Language function in senile dementia. Brain and Language. 1982;16(2):265-80. 
7. Beatty WW, Salmon DP, Butters N, Heindel WC, Granholm EL. Retrograde amnesia in 
patients with Alzheimer's disease or Huntington's disease. Neurobiology of Aging. 1988;9:181-6. 
8. Hirono N, Mori E, Ikejiri Y, Imamura T, Shimomura T, Ikeda M, et al. Procedural Memory in 
Patients with Mild Alzheimer's Disease. Dementia and Geriatric Cognitive Disorders. 1997;8(4):210-6. 
9. Finton MJ, Lucas JA, Graff-Radford NR, Uitti RJ. Analysis of Visuospatial Errors in Patients 
with Alzheimer's Disease or Parkinson's Disease. Journal of Clinical and Experimental 
Neuropsychology. 1998;20(2):186-93. 
10. Marshall GA, Monserratt L, Harwood D, Mandelkern M, Cummings JL, Sultzer DL. Positron 
emission tomography metabolic correlates of apathy in alzheimer disease. Archives of Neurology. 
2007;64(7):1015-20. 
11. Cairns NJ, Chadwick A, Luthert PJ, Lantos PL. β-Amyloid protein load is relatively uniform 
throughout neocortex and hippocampus in elderly Alzheimer's disease patients. Neuroscience 
Letters. 1991;129(1):115-8. 
12. Kang J, Lemaire H-G, Unterbeck A, Salbaum JM, Masters CL, Grzeschik K-H, et al. The 
precursor of Alzheimer's disease amyloid A4 protein resembles a cell-surface receptor. Nature. 
1987;325(6106):733-6. 
13. Hardy J, Selkoe DJ. The Amyloid Hypothesis of Alzheimer's Disease: Progress and Problems 
on the Road to Therapeutics. Science. 2002;297(5580):353-6. 
14. Götz J, Chen F, van Dorpe J, Nitsch RM. Formation of Neurofibrillary Tangles in P301L Tau 
Transgenic Mice Induced by Aβ42 Fibrils. Science. 2001;293(5534):1491-5. 
15. Goedert M, Spillantini MG, Cairns NJ, Crowther RA. Tau proteins of alzheimer paired helical 
filaments: Abnormal phosphorylation of all six brain isoforms. Neuron. 1992;8(1):159-68. 
224 
 
16. Ball MJ. Neuronal loss, neurofibrillary tangles and granulovacuolar degeneration in the 
hippocampus with ageing and dementia. Acta Neuropathologica. 1977;37(2):111-8. 
17. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et al. Physical basis of 
cognitive alterations in alzheimer's disease: Synapse loss is the major correlate of cognitive 
impairment. Annals of Neurology. 1991;30(4):572-80. 
18. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer's disease. The 
Lancet. 2001;377(9770):1019-31. 
19. Delbeuck X, Van der Linden M, Collette F. Alzheimer' Disease as a Disconnection Syndrome? 
Neuropsychology Review. 2003;13(2):79-92. 
20. Lobo AM, Launer LJP, Fratiglioni LM, Andersen KM, Di Carlo AM, Breteler MMBM, et al. 
Prevalence of dementia and major subtypes in Europe: A collaborative study of population-based 
cohorts. Neurology Frequency and Impact of Neurologic Diseases in the Elderly of Europe. 
2000;54(11):S4-S9. 
21. Dong M-j, Peng B, Lin X-t, Zhao J, Zhou Y-r, Wang R-h. The prevalence of dementia in the 
People's Republic of China: a systematic analysis of 1980–2004 studies. Age and Ageing. 
2007;36(6):619-24. 
22. Deloitte Access Economics. Updated Dementia Economic Impact Report, 2011, New Zealand. 
Deloitte Access Economics for Alzheimer's New Zealand, 2012. 
23. Brookmeyer R, Gray S, Kawas C. Projections of Alzheimer's disease in the United States and 
the public health impact of delaying disease onset. American Journal of Public Health. 
1998;88(9):1337-42. 
24. Jorm AFD, Jolley DM. The incidence of dementia: A meta-analysis. Neurology. 
1998;51(3):728-33. 
25. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen E. Mild cognitive 
impairment: clinical characterization and outcome. Archives of Neurology. 1999;56(3):303-8. 
26. Petersen RC. Mild cognitive impairment as a diagnostic entity. Journal of Internal Medicine. 
2004;256(3):183-94. 
27. Bennett DA, Wilson RS, Schneider JA, Evans DA, Beckett LA, Aggarwal NT, et al. Natural 
history of mild cognitive impairment in older persons. Neurology. 2002;59(2):198. 
28. Collie A, Maruff P, Currie J. Behavioral Characterization of Mild Cognitive Impairment. 
Journal of Clinical and Experimental Neuropsychology. 2002;24(6):720-33. 
29. Richard E, Brayne C. Dementia: Mild cognitive impairment - not always what it seems. Nat 
Rev Neurol. 2014;10(3):130-1. 
30. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of 
Mild Cognitive Impairment due to Alzheimer’s disease: Recommendations from the National 
Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer's 
disease. Alzheimer's & Dementia. 2011;7(3):270-9. 
225 
 
31. Soldan A, Pettigrew C, Cai Q, et al. Hypothetical preclinical alzheimer disease groups and 
longitudinal cognitive change. JAMA Neurology. 2016;73(6):698-705. 
32. Lehallier B, Essioux L, Gayan J, et al. Combined plasma and cerebrospinal fluid signature for 
the prediction of midterm progression from mild cognitive impairment to alzheimer disease. JAMA 
Neurology. 2016;73(2):203-12. 
33. Andrieu S, Coley N, Lovestone S, Aisen PS, Vellas B. Prevention of sporadic Alzheimer's 
disease: lessons learned from clinical trials and future directions. The Lancet Neurology. 2015. 
34. Vickland V, Morris T, Daper B, Low L-F, Brodaty H. Modelling the Impact of Interventions to 
Delay the Onset of Dementia Australia. Alzheimer's Australia, 2012. 
35. Livingston G, Sommerlad A, Orgeta V, Costafreda SG, Huntley J, Ames D, et al. Dementia 
prevention, intervention, and care. The Lancet. 2017. 
36. Roediger HL, III. Implicit Memory: Retention Without Remembering. American Psychologist. 
1990;45(9):1043-56. 
37. Tulving E. How Many Memory Systems Are There? American Psychologist. 1985;40:385. 
38. Baddeley A. Working Memory. Science. 1992;255(5044):556-9. 
39. Jeneson A, Squire LR. Working memory, long-term memory, and medial temporal lobe 
function. Learning & Memory. 2012;19(1):15-25. 
40. Smith EE, Jonides J. Working Memory: A View from Neuroimaging. Cognitive Psychology. 
1997;33(1):5-42. 
41. Gregor R, Asaad WF, Miller EK. Selective representation of relevant information by neurons 
in the primate prefrontal cortex. Nature. 1998;393(6685):577-9. 
42. D Esposito M, Detre JA, Alsop DC, Shin RK, et al. The neural basis of the central executive 
system of working memory. Nature. 1995;378(6554):279-81. 
43. Milner B, Pribram K, Broadbent D. Memory and the medial temporal regions of the brain. 
Biology of memory. 1970;23:31-59. 
44. Zola-Morgan S, Squire L, Amaral D. Human amnesia and the medial temporal region: 
enduring memory impairment following a bilateral lesion limited to field CA1 of the hippocampus. 
The Journal of Neuroscience. 1986;6(10):2950-67. 
45. Corkin S. What's new with the amnesic patient H.M.? Nature Reviews Neuroscience. 
2002;3(2):153-60. 
46. Eichenbaum H. A cortical-hippocampal system for declarative memory. Nat Rev Neurosci. 
2000;1(1):41-50. 




48. Rekkas PV, Constable RT. Evidence That Autobiographic Memory Retrieval Does Not Become 
Independent of the Hippocampus: An fMRI Study Contrasting Very Recent with Remote Events. 
Journal of Cognitive Neuroscience. 2005;17(12):1950-61. 
49. Bullmore E, Sporns O. The economy of brain network organization. Nat Rev Neurosci. 
2012;13(5):336-49. 
50. He Y, Wang J, Wang L, Chen ZJ, Yan C, Yang H, et al. Uncovering Intrinsic Modular 
Organization of Spontaneous Brain Activity in Humans. PLoS ONE. 2009;4(4):e5226. 
51. van den Heuvel MP, Stam CJ, Boersma M, Hulshoff Pol HE. Small-world and scale-free 
organization of voxel-based resting-state functional connectivity in the human brain. NeuroImage. 
2008;43(3):528-39. 
52. Greicius MD, Krasnow B, Reiss AL, Menon V. Functional connectivity in the resting brain: a 
network analysis of the default mode hypothesis. Proceedings of the National Academy of Sciences 
of the United States. 2003;100(1):253. 
53. Debra AG, Marcus ER. Searching for a baseline: Functional imaging and the resting human 
brain. Nature Reviews Neuroscience. 2001;2(10):685. 
54. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The human brain is 
intrinsically organized into dynamic, anticorrelated functional networks. Proceedings of the National 
Academy of Sciences of the United States of America. 2005;102(27):9673-8. 
55. Pearson JM, Heilbronner SR, Hayden BY, Platt ML, Barack DL. Posterior cingulate cortex: 
Adapting behavior to a changing world. Trends in Cognitive Sciences. 2011;15(4):143-51. 
56. Suzuki WL, Amaral DG. Perirhinal and parahippocampal cortices of the macaque monkey: 
Cortical afferents. Journal of Comparative Neurology. 1994;350(4):497-533. 
57. Maguire EA, Mummery CJ. Differential modulation of a common memory retrieval network 
revealed by positron emission tomography. Hippocampus. 1999;9(1):54-61. 
58. Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, Hedden T, et al. Cortical hubs revealed 
by intrinsic functional connectivity: mapping, assessment of stability, and relation to Alzheimer's 
disease. The Journal of Neuroscience. 2009;29(6):1860. 
59. Wagner AD, Shannon BJ, Kahn I, Buckner RL. Parietal lobe contributions to episodic memory 
retrieval. Trends in Cognitive Sciences. 2005;9(9):445-53. 
60. Sharp DJ, Beckmann CF, Greenwood R, Kinnunen KM, Bonnelle V, De Boissezon X, et al. 
Default mode network functional and structural connectivity after traumatic brain injury. Brain. 
2011;134(8):2233-47. 
61. Teipel SJ, Bokde ALW, Meindl T, Amaro E, Soldner J, Reiser MF, et al. White matter 
microstructure underlying default mode network connectivity in the human brain. NeuroImage. 
2010;49(3):2021-32. 
62. Sestieri C, Corbetta M, Romani GL, Shulman GL. Episodic Memory Retrieval, Parietal Cortex, 




63. Valenstein E, Bowers D, Verfaellie M, Heilman KM, Day A, Watson RT. Retrosplenial Amnesia. 
Brain. 1987;110(6):1631-46. 
64. Arnold SE, Hyman BT, Flory J, Damasio AR, Van Hoesen GW. The Topographical and 
Neuroanatomical Distribution of Neurofibrillary Tangles and Neuritic Plaques in the Cerebral Cortex 
of Patients with Alzheimer's Disease. Cerebral Cortex. 1991;1(1):103-16. 
65. Buckner RL, Snyder AZ, Shannon BJ, LaRossa G, Sachs R, Fotenos AF, et al. Molecular, 
Structural, and Functional Characterization of Alzheimer's Disease: Evidence for a Relationship 
between Default Activity, Amyloid, and Memory. The Journal of Neuroscience. 2005;25(34):7709-17. 
66. Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, et al. Imaging brain amyloid 
in Alzheimer's disease with Pittsburgh Compound-B. Annals of Neurology. 2004;55(3):306-19. 
67. Minoshima S, Giordani B, Berent S, Frey K, Foster N, Kuhl D. Metabolic reduction in the 
posterior cingulate cortex in very early Alzheimer's disease. Annals Of Neurology. 1997;42(1):85-94. 
68. Binnie CD, Prior PF. Electroencephalography. Journal of neurology, neurosurgery, and 
psychiatry. 1994;57(11):1308. 
69. Speckman E-J, Elgar CE. Introduction to the Neurophysiological Basis of the EEG and DC 
Potentials. In: Niedermeyer E, editor. Electroencephalography: Basic Principles, Clinical Applications 
and Related Fields. 5 ed. USA: Lippencott Williams & Wilkins; 2005. p. 17-29. 
70. Hahn CD, Emerson RG. Electroencephalography and Evoked Potentials Bradley's neurology 
in clinical practice. Seventh ed: Elsevier Health Sciences; 2015. p. 348-65.e12. 
71. Neil Cuffin B, Cohen D. Comparison of the magnetoencephalogram and 
electroencephalogram. Electroencephalography and Clinical Neurophysiology. 1979;47(2):132-46. 
72. Hämäläinen M, Hari R, Ilmoniemi RJ, Knuutila J, Lounasmaa OV. Magnetoencephalography -
theory, instrumentation, and applications to noninvasive studies of the working human brain. 
Reviews of Modern Physics. 1993;65(2):413-97. 
73. Klem GH, Lüders HO, Jasper H, Elger C. The ten-twenty electrode system of the International 
Federation. Electroencephalogr Clin Neurophysiol. 1999;52(suppl.):3. 
74. Oostenveld R, Praamstra P. The five percent electrode system for high-resolution EEG and 
ERP measurements. Clinical Neurophysiology. 2001;112(4):713-9. 
75. Evans JR. Introduction to Quantitative EEG and Neurofeedback. Abarbanel A, editor. 
Burlington: Elsevier Science; 1999. 
76. Teplan M. Fundamentals of EEG measurement. Measurement science review. 2002;2(2):1-
11. 
77. Hughes JR. Gamma, fast, and ultrafast waves of the brain: Their relationships with epilepsy 
and behavior. Epilepsy & Behavior. 2008;13(1):25-31. 
78. Wright J, Kydd R. The electroencephalogram and cortical neural networks. Network: 
Computation in Neural Systems. 1992;3(3):341-62. 
228 
 
79. Dyke P. Fourier Transforms.  An Introduction to Laplace Transforms and Fourier Series. 
London: Springer London; 2014. p. 145-73. 
80. Pachalska M, Mańko G, Kropotov ID, Mirski A, Lukowicz M, Jedwabińska A, et al. Evaluation 
of neurotherapy for a patient with chronic impaired self-awareness and secondary ADHD after 
severe TBI and long term coma using eventrelated potentials. Acta Neuropsychologica. 
2012;10(3):399-417. 
81. Othmer S. Chapter 1 – Neuromodulation technologies: An attempt at classification. In: 
Budzynski TH, Budzynski HK, Evans JR, Abarbanel A, editors. Introduction to Quantitative EEG and 
Neurofeedback Advanced Theory and Applications. 2nd ed.. ed. Burlington: Elsevier Science; 2009. 
82. James WC, John WT. An algorithm for the machine calculation of complex Fourier series. 
Mathematics of Computation. 1965;19(90):297-301. 
83. Schoffelen J-M, Gross J. Source connectivity analysis with MEG and EEG. Human Brain 
Mapping. 2009;30(6):1857-65. 
84. Baillet S, Mosher JC, Leahy RM. Electromagnetic Brain Mapping. Signal Processing Magazine, 
IEEE. 2001;18(6):14-30. 
85. Pascual-Marqui RD. Standardized low-resolution brain electromagnetic tomography 
(sLORETA): technical details. Methods Find Exp Clin Pharmacol. 2002;24(Suppl D):5-12. 
86. Pascual-Marqui RD, Lehmann D, Koukkou M, Kochi K, Anderer P, Saletu B, et al. Assessing 
interactions in the brain with exact low-resolution electromagnetic tomography. Philosophical 
Transactions of the Royal Society of London A: Mathematical, Physical and Engineering Sciences. 
2011;369(1952):3768-84. 
87. Pascual-Marqui RD, Michel CM, Lehmann D. Low resolution electromagnetic tomography: a 
new method for localizing electrical activity in the brain. International Journal of psychophysiology. 
1994;18(1):49-65. 
88. Mazziotta J, Toga A, Evans A, Fox P, Lancaster J, Zilles K, et al. A four-dimensional 
probabilistic atlas of the human brain. Journal of the American Medical Informatics Association. 
2001;8(5):401-30. 
89. Wang L, Saalmann Yuri B, Pinsk Mark A, Arcaro Michael J, Kastner S. Electrophysiological 
Low-Frequency Coherence and Cross-Frequency Coupling Contribute to BOLD Connectivity. Neuron. 
2012;76(5):1010-20. 
90. Budzynski TH. Introduction to Quantitative EEG and Neurofeedback Advanced Theory and 
Applications. 2nd ed.. ed. Budzynski TH, Budzynski HK, Evans JR, Abarbanel A, editors. Burlington: 
Elsevier Science; 2009. 
91. Masterpasqua F, Healey KN. Neurofeedback in Psychological Practice. Professional 
Psychology: Research and Practice. 2003;34(6):652-6. 
92. Monastra V, Lynn S, Linden M, Lubar J, Gruzelier J, LaVaque T. Electroencephalographic 




93. Egner T, Sterman MB. Neurofeedback treatment of epilepsy: from basic rationale to practical 
application. Expert review of neurotherapeutics. 2006;6(2):247. 
94. Dehghani-Arani F, Rostami R, Nadali H. Neurofeedback Training for Opiate Addiction: 
Improvement of Mental Health and Craving. Appl Psychophysiol Biofeedback. 2013;38(2):133-41. 
95. Haller S, Birbaumer N, Veit R. Real-time fMRI feedback training may improve chronic 
tinnitus. European Radiology. 2010;20(3):696-703. 
96. Ros T, Théberge J, Frewen PA, Kluetsch R, Densmore M, Calhoun VD, et al. Mind over 
chatter: Plastic up-regulation of the fMRI salience network directly after EEG neurofeedback. 
NeuroImage. 2013;65(0):324-35. 
97. Sacchet M, Mellinger J, Sitaram R, Braun C, Birbaumer N, Fetz E. Volitional Control of 
Neuromagnetic Coherence. Frontiers in Neuroscience. 2012;6(189). 
98. Kim D-Y, Yoo S-S, Tegethoff M, Meinlschmidt G, Lee J-H. The Inclusion of Functional 
Connectivity Information into fMRI-based Neurofeedback Improves Its Efficacy in the Reduction of 
Cigarette Cravings. Journal of Cognitive Neuroscience. 2015;27(8):1552-72. 
99. Ghaziri J, Tucholka A, Larue V, Blanchette-Sylvestre M, Reyburn G, Gilbert G, et al. 
Neurofeedback Training Induces Changes in White and Gray Matter. Clinical EEG and Neuroscience. 
2013;44(4):265-72. 
100. Arzouan Y, Moses E, Peled A, Levit-Binnun N. Impaired Network Stability in Schizophrenia 
Revealed by TMS Perturbations. Schizophrenia Research. 2014;152(1):322-4. 
101. Uddin LQ, Kelly AMC, Biswal BB, Margulies DS, Shehzad Z, Shaw D, et al. Network 
homogeneity reveals decreased integrity of default-mode network in ADHD. Journal of Neuroscience 
Methods. 2008;169(1):249-54. 
102. Elgoyhen AB, Langguth B, Vanneste S, De Ridder D. Tinnitus: network pathophysiology-
network pharmacology. Frontiers in Systems Neuroscience. 2012;6:1. 
103. Friston KJ. Functional and Effective Connectivity: A Review. Brain Connectivity. 2011;1(1):13-
36. 
104. Brookes MJ, Hale JR, Zumer JM, Stevenson CM, Francis ST, Barnes GR, et al. Measuring 
functional connectivity using MEG: Methodology and comparison with fcMRI. NeuroImage. 
2011;56(3):1082-104. 
105. Biswal B, Zerrin Yetkin F, Haughton VM, Hyde JS. Functional connectivity in the motor cortex 
of resting human brain using echo‐planar mri. Magnetic Resonance in Medicine. 1995;34(4):537-41. 
106. Alfons S, Joachim G. Normal and pathological oscillatory communication in the brain. Nature 
Reviews Neuroscience. 2005;6(4):285. 
107. Mezeiová K, Paluš M. Comparison of coherence and phase synchronization of the human 
sleep electroencephalogram. Clinical Neurophysiology. 2012;123(9):1821-30. 
108. Pease Jr RW. Merriam-webster's medical dictionary: Merriam-Webster; 1995. 
230 
 
109. van den Broek SP, Reinders F, Donderwinkel M, Peters MJ. Volume conduction effects in EEG 
and MEG. Electroencephalography and Clinical Neurophysiology. 1998;106(6):522-34. 
110. Stam CJ, Nolte G, Daffertshofer A. Phase lag index: assessment of functional connectivity 
from multi channel EEG and MEG with diminished bias from common sources. Human brain 
mapping. 2007;28(11):1178. 
111. Lisman JE, Jensen O. The θ-γ neural code. Neuron. 2013;77(6):1002. 
112. Schack B, Vath N, Petsche H, Geissler HG, Möller E. Phase-coupling of theta–gamma EEG 
rhythms during short-term memory processing. International Journal of Psychophysiology. 
2002;44(2):143-63. 
113. Knyazev GG, Slobodskoj-Plusnin JY, Bocharov AV, Pylkova LV. The default mode network and 
EEG alpha oscillations: An independent component analysis. Brain Research. 2011;1402:67-79. 
114. McCormick C, Protzner AB, Barnett AJ, Cohn M, Valiante TA, McAndrews MP. Linking DMN 
connectivity to episodic memory capacity: What can we learn from patients with medial temporal 
lobe damage? NeuroImage: Clinical. 2014;5:188-96. 
115. Roux F, Uhlhaas PJ. Working memory and neural oscillations: alpha–gamma versus theta–
gamma codes for distinct WM information? Trends in Cognitive Sciences. 2014;18(1):16-25. 
116. Huang C, Wahlund L-O, Svensson L, Winblad B, Julin P. Cingulate cortex hypoperfusion 
predicts Alzheimer's disease in mild cognitive impairment. BMC neurology. 2002;2:9. 
117. Ward AM, Schultz AP, Huijbers W, Van Dijk KR, Hedden T, Sperling RA. The parahippocampal 
gyrus links the default-mode cortical network with the medial temporal lobe memory system. Hum 
Brain Mapp. 2014;35(3):1061-73. 
118. Zhou Y, Dougherty Jr JH, Hubner KF, Hutson RK, Cannon RL, Bai B. Abnormal Connectivity in 
the Posterior Cingulate and Hippocampus in Early Alzheimer's Disease and Mild Cognitive 
Impairment. Alzheimer's and Dementia. 2008;4(4):265-70. 
119. Lo C-Y, Wang P-N, Chou K-H, Wang J, He Y, Lin C-P. Diffusion Tensor Tractography Reveals 
Abnormal Topological Organization in Structural Cortical Networks in Alzheimer's Disease. The 
Journal of Neuroscience. 2010;30(50):16876-85. 
120. de Haan W, Mott K, van Straaten ECW, Stam CJ, Scheltens P. Activity Dependent 
Degeneration Explains Hub Vulnerability in Alzheimer's Disease. PLoS Computational Biology. 
2012;8(8). 
121. Jagust WJ, Mormino EC. Lifespan brain activity, β-amyloid, and Alzheimer's disease. Trends 
in Cognitive Sciences. 2011;15(11):520-6. 
122. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Kokmen E, Tangelos EG. Aging, Memory, and 
Mild Cognitive Impairment. International Psychogeriatrics. 1997;9(S1):65-9. 
123. Stam CJ, de Haan W, Daffertshofer A, Jones BF, Manshanden I, van Cappellen van Walsum 
AM, et al. Graph theoretical analysis of magnetoencephalographic functional connectivity in 
Alzheimer's disease. Brain. 2009;132(1):213-24. 
231 
 
124. Canuet L, Tellado I, Couceiro V, Fraile C, Fernandez-Novoa L, Ishii R, et al. Resting-State 
Network Disruption and APOE Genotype in Alzheimer's Disease: A lagged Functional Connectivity 
Study. PLoS ONE. 2012;7(9):e46289. 
125. Rossini PM, Del Percio C, Pasqualetti P, Cassetta E, Binetti G, Dal Forno G, et al. Conversion 
from mild cognitive impairment to Alzheimer’s disease is predicted by sources and coherence of 
brain electroencephalography rhythms. Neuroscience. 2006;143(3):793-803. 
126. Hsiao F-J, Wang Y-J, Yan S-H, Chen W-T, Lin Y-Y. Altered Oscillation and Synchronization of 
Default-Mode Network Activity in Mild Alzheimer’s Disease Compared to Mild Cognitive Impairment: 
An Electrophysiological Study. PLoS ONE. 2013;8(7):e68792. 
127. Vecchio F, Miraglia F, Marra C, Quaranta D, Vita MG, Bramanti P, et al. Human brain 
networks in cognitive decline: a graph theoretical analysis of cortical connectivity from EEG data. 
Journal of Alzheimer's Disease. 2014;41(1):113-27. 
128. Buldú JM, Leyva I, Sendiña-Nadal I, Almendral JA, Bajo R, Maestú F, et al. Reorganization of 
functional networks in mild cognitive impairment. PLoS ONE. 2011;6(5):e19584. 
129. Sanz-Arigita EJ, Schoonheim MM, Damoiseaux JS, Rombouts SARB, Maris E, Barkhof F, et al. 
Loss of ‘Small-World’ Networks in Alzheimer's Disease: Graph Analysis of fMRI Resting-State 
Functional Connectivity. PLoS ONE. 2010;5(11). 
130. Bai F, Watson DR, Yu H, Shi Y, Yuan Y, Zhang Z. Abnormal resting-state functional 
connectivity of posterior cingulate cortex in amnestic type mild cognitive impairment. Brain 
Research. 2009;1302(0):167-74. 
131. Wang Z, Liang P, Jia X, Jin G, Song H, Han Y, et al. The Baseline and Longitudinal Changes of 
PCC Connectivity in Mild Cognitive Impairment: A Combined Structure and Resting-State fMRI Study. 
PLoS ONE. 2012;7(5):e36838. 
132. Greicius MD, Srivastava G, Reiss AL, Menon V. Default-mode network activity distinguishes 
Alzheimer's disease from healthy aging: Evidence from functional MRI. Proceedings of the National 
Academy of Sciences of the United States of America. 2004;101(13):4637-42. 
133. Sepulcre J, Sabuncu MR, Li Q, El Fakhri G, Sperling R, Johnson KA. Tau and amyloid β proteins 
distinctively associate to functional network changes in the aging brain. Alzheimer's & Dementia. 
2017;13(11):1261-9. 
134. Vanneste S, Joos K, Ost J, De Ridder D. Influencing connectivity and cross-frequency coupling 
by real-time source localized neurofeedback of the posterior cingulate cortex reduces tinnitus 
related distress. Neurobiology of Stress. 2016;9:211-24. 
135. Lipsey MW. Practical meta-analysis. Wilson DB, editor. Thousand Oaks, Calif.: Sage 
Publications; 2001. 
136. Wilson DB. Meta-analysis macros for SAS, SPSS, and Stata. 
http://mason.gmu.edu/~dwilsonb/ma.html. 2006. 




138. Gruzelier JH. EEG-neurofeedback for optimising performance. I: a review of cognitive and 
affective outcome in healthy participants. Neuroscience & Biobehavioral Reviews. 2014;44:124-41. 
139. Gruzelier JH. EEG-neurofeedback for optimising performance. III: a review of methodological 
and theoretical considerations. Neuroscience & Biobehavioral Reviews. 2014;44:159-82. 
140. Gruzelier JH. EEG-neurofeedback for optimising performance. II: creativity, the performing 
arts and ecological validity. Neuroscience & Biobehavioral Reviews. 2014;44:142-58. 
141. Chase MH, Harper RM. Somatomotor and visceromotor correlates of operantly conditioned 
12–14 c/sec sensorimotor cortical activity. Electroencephalography and Clinical Neurophysiology. 
1971;31(1):85-92. 
142. Escolano C, Aguilar M, Minguez J, Ieee. EEG-based Upper Alpha Neurofeedback Training 
Improves Working Memory Performance.  2011 Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society 2011. p. 2327-30. 
143. Escolano C, Navarro-Gil M, Garcia-Campayo J, Congedo M, De Ridder D, Minguez J. A 
controlled study on the cognitive effect of alpha neurofeedback training in patients with major 
depressive disorder. Frontiers in Behavioral Neuroscience. 2014;8. 
144. Escolano C, Navarro-Gil M, Garcia-Campayo J, Minguez J. EEG-based upper-alpha 
neurofeedback for cognitive enhancement in major depressive disorder: a preliminary, uncontrolled 
study. Conference Proceedings:  Annual International Conference of the IEEE Engineering in 
Medicine & Biology Society. 2013;2013:6293-6. 
145. Escolano C, Navarro-Gil M, Garcia-Campayo J, Minguez J. The Effects of a Single Session of 
Upper Alpha Neurofeedback for Cognitive Enhancement: A Sham-Controlled Study. Appl 
Psychophysiol Biofeedback. 2014;39(3-4):227-36. 
146. Guez J, Rogel A, Getter N, Keha E, Cohen T, Amor T, et al. Influence of 
electroencephalography neurofeedback training on episodic memory: A randomized, sham-
controlled, double-blind study. Memory. 2015;23(5):683-94. 
147. Nan W, Rodrigues JP, Ma J, Qu X, Wan F, Mak P-I, et al. Individual alpha neurofeedback 
training effect on short term memory. International Journal of Psychophysiology. 2012;86(1):83-7. 
148. Hsueh JJ, Chen TS, Shaw FZ, Ieee. Neurofeedback training on memory enhancement in 
humans.  2012 IEEE Biomedical Circuits and Systems Conference 2012. p. 9-12. 
149. Berner I, Schabus M, Wienerroither T, Klimesch W. The Significance of Sigma Neurofeedback 
Training on Sleep Spindles and Aspects of Declarative Memory. Appl Psychophysiol Biofeedback. 
2006;31(2):97-114. 
150. Hoedlmoser K, Pecherstorfer T, Gruber G, Anderer P, Doppelmayr M, Klimesch W, et al. 
Instrumental conditioning of human sensorimotor rhythm (12–15 Hz) and its impact on sleep as well 
as declarative learning. Sleep. 2008;31(10):1401. 
151. Schabus M, Heib DPJ, Lechinger J, Griessenberger H, Klimesch W, Pawlizki A, et al. Enhancing 
sleep quality and memory in insomnia using instrumental sensorimotor rhythm conditioning. 
Biological Psychology. 2014;95:126-34. 
233 
 
152. De Gennaro L, Ferrara M. Sleep spindles: an overview. Sleep Medicine Reviews. 
2003;7(5):423-40. 
153. Becerra J, Fernandez T, Roca-Stappung M, Diaz-Comas L, Galán L, Bosch J, et al. 
Neurofeedback in healthy elderly human subjects with electroencephalographic risk for cognitive 
disorder. Journal of Alzheimer's Disease. 2012;28(2):357-67. 
154. Thornton KE. The improvement/rehabilitation of auditory memory functioning with EEG 
biofeedback. NeuroRehabilitation. 2002;17(1):69-80. 
155. Thornton KE, Carmody DP. The Relation Between Memory Improvement and QEEG Changes 
in Three Clinical Groups as a Result of EEG Biofeedback Treatment. Journal of Neurotherapy. 
2013;17(2):116-31. 
156. Lee TS, Goh SJA, Quek SY, Phillips R, Guan CT, Cheung YB, et al. A Brain-Computer Interface 
Based Cognitive Training System for Healthy Elderly: A Randomized Control Pilot Study for Usability 
and Preliminary Efficacy. PLoS ONE. 2013;8(11). 
157. Thomas KP, Vinod AP, Guan CT, Ieee. Design of an Online EEG based Neurofeedback Game 
for Enhancing Attention and Memory.  2013 35th Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society 2013. p. 433-6. 
158. Scharnowski F, Veit R, Zopf R, Studer P, Bock S, Diedrichsen J, et al. Manipulating motor 
performance and memory through real-time fMRI neurofeedback. Biological Psychology. 
2015;108:85-97. 
159. Sherwood MS, Kane JH, Weisend MP, Parker JG. Enhanced control of dorsolateral prefrontal 
cortex neurophysiology with real-time functional magnetic resonance imaging (rt-fMRI) 
neurofeedback training and working memory practice. NeuroImage. 2016;124:214-23. 
160. Zhang G, Yao L, Shen J, Yang Y, Zhao X. Reorganization of functional brain networks mediates 
the improvement of cognitive performance following real-time neurofeedback training of working 
memory. Human Brain Mapping. 2015;36(5):1705-15. 
161. Zhang G, Yao L, Zhang H, Long Z, Zhao X. Improved Working Memory Performance through 
Self-Regulation of Dorsal Lateral Prefrontal Cortex Activation Using Real-Time fMRI. PLoS ONE. 
2013;8(8):e73735. 
162. Zhang QS, Zhang GY, Yao L, Zhao XJ. Impact of real-time fMRI working memory feedback 
training on the interactions between three core brain networks. Frontiers in Behavioral 
Neuroscience. 2015;9. 
163. Dias AM, Van Deusen AM, Oda E, Bonfim MR. Clinical Efficacy of a New Automated 
Hemoencefalographic Neurofeedback Protocol. Spanish Journal of Psychology. 2012;15(3):930-41. 
164. Welsh K, Butters N, Hughes J, Mohs R, Heyman A. Detection of abnormal memory decline in 
mild cases of Alzheimer's disease using CERAD neuropsychological measures. Archives of Neurology. 
1991;48(3):278-81. 
165. Gevins A, Cutillo B. Neuroelectric evidence for distributed processing in human working 
memory. Electroencephalography and Clinical Neurophysiology. 1993;87:128-43. 
234 
 
166. Conway ARA, Cowan N, Bunting MF, Therriault DJ, Minkoff SRB. A latent variable analysis of 
working memory capacity, short-term memory capacity, processing speed, and general fluid 
intelligence. Intelligence. 2002;30(2):163-83. 
167. Plihal W, Born J. Effects of early and late nocturnal sleep on declarative and procedural 
memory. Journal of Cognitive Neuroscience. 1997;9(4):534-47. 
168. Bouska MJ, Kwatny E. Manual for application of the Motor-Free Visual Perception Test to the 
adult population: Moss Rehabilitation Hospital; 1983. 
169. Kaplan E, Goodglass H, Weintraub S. The Boston naming test. Philadelphia: Lea & Febiger. 
1983. 
170. Sternberg S. High-speed scanning in human memory. Science. 1966;153(3736):652-4. 
171. Corsi PM, Michael P. Human memory and the medial temporal region of the brain: McGill 
University Montreal; 1972. 
172. Haarmann HJ, Cameron KA. Active maintenance of sentence meaning in working memory: 
Evidence from EEG coherences. International Journal of Psychophysiology. 2005;57(2):115-28. 
173. Dias ÁM, Oda E, Akiba HT, Arruda L, Bruder LF. Is Cognitive Dissonance an Intrinsic Property 
of the Human Mind? An Experimental Solution to a Half-Century Debate. International Journal of 
Behavioral, Cognitive, Educational and Psychological Sciences. 2009;1:104-08. 
174. Hommel B. Event files: Evidence for automatic integration of stimulus-response episodes. 
Visual Cognition. 1998;5(1-2):183-216. 
175. Schmidt M. Rey auditory verbal learning test: a handbook: Western Psychological Services 
Los Angeles; 1996. 
176. Wechsler D. WAIS-III, Wechsler adult intelligence scale: Administration and scoring manual: 
Psychological Corporation; 1997. 
177. Wechsler D. Wechsler memory scale (WMS-III): Psychological Corporation San Antonio, TX; 
1997. 
178. Randolph C. RBANS update manual - Repeatable Battery for the Assessment of 
Neuropsychological Status. USA: NCS Pearson; 1998. 
179. Rao SL, Subbakrishna D, Gopukumar K. NIMHANS neuropsychology battery-2004, manual: 
National Institute of Mental Health and Neurosciences; 2004. 
180. Signoret J-L, Allard M, Allard M. Évaluation des troubles de mémoire et des désordres 
cognitifs associés: BEC 96: Ipsen; 1989. 
181. Angelakis E, Stathopoulou S, Frymiare JL, Green DL, Lubar JF, Kounios J. EEG Neurofeedback: 
a Brief Overview and an Example of Peak Alpha Frequency Training for Cognitive Enhancement in the 
Elderly. Clinical Neuropsychologist. 2007;21(1):110-29. 
182. Bauer RH. Short-term memory: EEG alpha correlates and the effect of increased alpha. 
Behavioral Biology. 1976;17(4):425-33. 
235 
 
183. Bearden TS, Cassisi JE, Pineda M. Neurofeedback training for a patient with thalamic and 
cortical infarctions. Appl Psychophysiol Biofeedback. 2003;28(3):241-53. 
184. Cannon R, Congedo M, Lubar J, Hutchens T. Differentiating a Network of Executive 
Attention: Loreta Neurofeedback in Anterior Cingulate and Dorsolateral Prefrontal Cortices. 
International Journal of Neuroscience. 2009;119(3):404-41. 
185. Cannon R, Lubar J. Long-term effects of neurofeedback training in anterior cingulate cortex: 
A short follow-up report. Journal of Neurotherapy. 2011;15(2):130-50. 
186. Cannon R, Lubar J, Gerke A, Thornton K, Hutchens T, McCammon V. EEG Spectral-Power and 
Coherence: LORETA Neurofeedback Training in the Anterior Cingulate Gyrus. Journal of 
Neurotherapy. 2006;10(1):5-31. 
187. Cho HY, Kim K, Lee B, Jung J. The effect of neurofeedback on a brain wave and visual 
perception in stroke: a randomized control trial. Journal of Physical Therapy Science. 2015;27(3):673-
6. 
188. Decker SL, Roberts AM, Green JJ. LORETA Neurofeedback in College Students with ADHD.  Z 
Score Neurofeedback: Clinical Applications 2014. p. 333-52. 
189. Di Loreto J, Halford SJ, Cox K, Khaddouma A, Cannon R, Baldwin D, et al. Loreta 
neurofeedback and the morphology of working memory and processing speed. Journal of 
Neurotherapy. 2011;15 (4):409. 
190. Enriquez-Geppert S, Huster RJ, Figge C, Herrmann CS. Self-regulation of frontal-midline theta 
facilitates memory updating and mental set shifting. Frontiers in Behavioral Neuroscience. 2014;8. 
191. Gomez-Pilar J, Corralejo R, Nicolas-Alonso LF, Alvarez D, Hornero R, Ieee. Assessment of 
Neurofeedback Training by means of Motor Imagery based-BCI for Cognitive Rehabilitation.  2014 
36th Annual International Conference of the Ieee Engineering in Medicine and Biology Society 2014. 
p. 3630-3. 
192. Keizer AW, Verment RS, Hommel B. Enhancing cognitive control through neurofeedback: A 
role of gamma-band activity in managing episodic retrieval. NeuroImage. 2010;49(4):3404-13. 
193. Kober SE, Witte M, Stangl M, Valjamae A, Neuper C, Wood G. Shutting down sensorimotor 
interference unblocks the networks for stimulus processing: An SMR neurofeedback training study. 
Clinical Neurophysiology. 2015;126(1):82-95. 
194. Kovaleva A. Neurofeedback efficacy in the treatment of cognitive impairment of female 
students with primary headaches. Pain Practice. 2012;12:64. 
195. Lecomte G, Juhel J. The effects of neurofeedback training on memory performance in elderly 
subjects. Psychology. 2011;2(8):846-52. 
196. Nan W, Rodrigues JP, Wan F, Mak PU, Mak PI, Vai MI, et al., editors. A further study on short 
term memory improvement by neurofeedback. Proceedings - 2012 International Conference on 
Biomedical Engineering and Biotechnology, iCBEB 2012; 2012. 
197. Pavlov YG. The effectiveness of neurofeedback training for the enhancement of working 
memory. Psychophysiology. 2015;52:S100-S. 
236 
 
198. Reddy RP, Rajan J, Bagavathula I, Kandavel T. Neurofeedback training to enhance learning 
and memory in patient with traumatic brain injury: A single case study. International Journal of 
Psychosocial Rehabilitation. 2009;14(1):21-8. 
199. Reddy RP, Rajeswaran J, Devi BI, Kandavel T. Neurofeedback Training as an Intervention in a 
Silent Epidemic: An Indian Scenario. Journal of Neurotherapy. 2013;17(4):213-25. 
200. Reis J, Portugal A, Pereira MR, Dias N, editors. Alpha and theta intensive neurofeedback 
protocol for age-related cognitive deficits. International IEEE/EMBS Conference on Neural 
Engineering, NER; 2015. 
201. Rozelle GR, Budzynski TH. Neurotherapy for stroke rehabilitation - a single-case study. 
Biofeedback and Self-Regulation. 1995;20(3):211-28. 
202. Schabus M, Griessenberger H, Heib D, Wislowska M, Hodlmoser K. Sleep-dependent 
memory consolidation and SMR neurofeedback-a double-blind study in primary insomnia. Journal of 
Sleep Research. 2014;23:181. 
203. Shen J, Zhang G, Yao L, Zhao X. Real-time fMRI training-induced changes in regional 
connectivity mediating verbal working memory behavioral performance. Neuroscience. 
2015;289:144-52. 
204. Staufenbiel SM, Brouwer AM, Keizer AW, van Wouwe NC. Effect of beta and gamma 
neurofeedback on memory and intelligence in the elderly. Biological Psychology. 2014;95:74-85. 
205. Toppi J, Mattia D, Anzolin A, Risetti M, Petti M, Cincotti F, et al., editors. Time varying 
effective connectivity for describing brain network changes induced by a memory rehabilitation 
treatment. 2014 36th Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society, EMBC 2014; 2014. 
206. Vernon D, Egner T, Cooper N, Compton T, Neilands C, Sheri A, et al. The effect of training 
distinct neurofeedback protocols on aspects of cognitive performance. International Journal of 
Psychophysiology. 2003;47(1):75-85. 
207. Wang JR, Hsieh S. Neurofeedback training improves attention and working memory 
performance. Clinical Neurophysiology. 2013;124(12):2406-20. 
208. Wei TY, Young CP, editors. A mobile approach for neurofeedback cognitive enhancement. 
2015 IEEE International Symposium on Medical Measurements and Applications, MeMeA 2015 - 
Proceedings; 2015. 
209. Xiong S, Cheng C, Wu X, Guo X, Yao L, Zhang J. Working memory training using EEG 
neurofeedback in normal young adults. Bio-Medical Materials and Engineering. 2014;24(6):3637-44. 
210. Sala-Llonch R, Peña-Gómez C, Arenaza-Urquijo EM, Vidal-Piñeiro D, Bargalló N, Junqué C, et 
al. Brain connectivity during resting state and subsequent working memory task predicts behavioural 
performance. Cortex. 2012;48(9):1187-96. 




212. Randolph C, Tierney MC, Mohr E, Chase TN. The Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS): Preliminary Clinical Validity. Journal of Clinical and Experimental 
Neuropsychology. 1998;20(3):310-9. 
213. Beglinger LJ, Gaydos B, Tangphao-Daniels O, Duff K, Kareken DA, Crawford J, et al. Practice 
effects and the use of alternate forms in serial neuropsychological testing. Archives of Clinical 
Neuropsychology. 2005;20(4):517-29. 
214. Kane MJ, Conway ARA, Miura TK, Colflesh GJH. Working Memory, Attention Control, and the 
N -Back Task: A Question of Construct Validity. Journal of Experimental Psychology: Learning, 
Memory, and Cognition. 2007;33(3):615-22. 
215. Hoskinson P, Toomim J. Brain Workshop. http://brainworkshop.sourceforge.net/: 
Hoskinson, Paul; 2008. 
216. Blom J, Anneveldt M. An electrode cap tested. Electroencephalography and clinical 
neurophysiology. 1982;54(5):591-4. 
217. Ponomarev V. WinEEG. 2.89.52 ed. St Petersburg, Russia: Mitsar; 2005. 
218. Congedo M. EureKa! 3 ed. Mesa, USA: Novatech EEG; 2005. 
219. Congedo M. ICoN Independent Component Analysis. 3 ed. Mesa, USA: Novatech EEG; 2009. 
220. Pascual-Marqui RD. LORETA. Zurich, Switzerland: University of Zurich; 2017. 
221. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: A 
primer with examples. Human Brain Mapping. 2002;15(1):1-25. 
222. Mazziotta JC, Toga AW, Evans A, Fox P, Lancaster J. A Probabilistic Atlas of the Human Brain: 
Theory and Rationale for Its Development: The International Consortium for Brain Mapping (ICBM). 
NeuroImage. 1995;2(2, Part A):89-101. 
223. Laird AR, Eickhoff SB, Li K, Robin DA, Glahn DC, Fox PT. Investigating the functional 
heterogeneity of the default mode network using coordinate-based meta-analytic modeling. The 
Journal of Neuroscience. 2009;29(46):14496. 
224. Ward AM, Schultz AP, Huijbers W, van Dijk KRA, Hedden T, Sperling RA. The 
parahippocampal gyrus links the default-mode cortical network with the medial temporal lobe 
memory system. Human brain mapping. 2014;35(3):1061-73. 
225. Ponomarev V. Brain Tuner. 1.5.23 ed. St Petersborg, Russia: Mitsar; 2006. 
226. Leech R, Sharp DJ. The role of the posterior cingulate cortex in cognition and disease. Brain. 
2014;137(1):12-32. 
227. MATLAB software development team. MATLAB. Natick Massechusetts, United States: 
Mathwork Inc; 2014b. 
228. Hilbert D. Grundzüge einer allgemeinen Theorie der linearen Integralgleichungen. Teubner, 
Leipzig (1912). Reprinted by Chelsea Publishing Company, New York; 1953. 
238 
 
229. Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch HE, et al. High Gamma 
Power Is Phase-Locked to Theta Oscillations in Human Neocortex. Science. 2006;313(5793):1626-8. 
230. Berens P. CircStat: a MATLAB toolbox for circular statistics. J Stat Softw. 2009;31(10):1-21. 
231. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH, et al. The diagnosis 
of dementia due to Alzheimer’s disease: Recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimer's & 
Dementia. 2011;7(3):263-9. 
232. Duff K, Hobson VL, Beglinger LJ, O'Bryant SE. Diagnostic Accuracy of the RBANS in Mild 
Cognitive Impairment: Limitations on Assessing Milder Impairments. Archives of Clinical 
Neuropsychology. 2010;25(5):429-41. 
233. Karantzoulis S, Novitski J, Gold M, Randolph C. The Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS): Utility in Detection and Characterization of Mild Cognitive 
Impairment due to Alzheimer's Disease. Archives of Clinical Neuropsychology. 2013;28(8):837-44. 
234. Binder JR, Desai RH, Graves WW, Conant LL. Where Is the Semantic System? A Critical 
Review and Meta-Analysis of 120 Functional Neuroimaging Studies. Cerebral Cortex. 
2009;19(12):2767-96. 
235. Bird CM, Keidel JL, Ing LP, Horner AJ, Burgess N. Consolidation of Complex Events via 
Reinstatement in Posterior Cingulate Cortex. The Journal of Neuroscience. 2015;35(43):14426-34. 
236. Russ Tom C, Morling Joanne R. Cholinesterase inhibitors for mild cognitive impairment. 
Cochrane Database of Systematic Reviews [Internet]. 2012; (9). Available from:  
http://onlinelibrary.wiley.com/store/10.1002/14651858.CD009132.pub2/asset/CD009132.pdf?v=1&
t=ihfomfzs&s=c31a78110d50294afe9c578c75685f162459b3db. 
237. Urbaniak GCP, S. Research Randomizer. 4.0 ed2013. 
238. Syväoja HJ, Tammelin TH, Ahonen T, Kankaanpää A, Kantomaa MT. The Associations of 
Objectively Measured Physical Activity and Sedentary Time with Cognitive Functions in School-Aged 
Children. PLoS ONE. 2014;9(7):e103559. 
239. Zoefel B, Huster RJ, Herrmann CS. Neurofeedback training of the upper alpha frequency 
band in EEG improves cognitive performance. NeuroImage. 2011;54(2):1427-31. 
240. Kluetsch RC, Ros T, Théberge J, Frewen PA, Calhoun VD, Schmahl C, et al. Plastic modulation 
of PTSD resting-state networks and subjective wellbeing by EEG neurofeedback. Acta Psychiatrica 
Scandinavica. 2014;130(2):123-36. 
241. Buckley RF, Maruff P, Ames D, Bourgeat P, Martins RN, Masters CL, et al. Subjective memory 
decline predicts greater rates of clinical progression in preclinical Alzheimer's disease. Alzheimer's & 
Dementia: The Journal of the Alzheimer's Association. 2016;12(7):796-804. 
242. Rodda J, Dannhauser T, Cutinha DJ, Shergill SS, Walker Z. Subjective cognitive impairment: 
Functional MRI during a divided attention task. European Psychiatry. 2011;26(7):457-62. 
239 
 
243. Hänninen T, Reinikainen KJ, Helkala E-L, Koivisto K, Mykkänen L, Laakso M, et al. Subjective 
Memory Complaints and Personality Traits in Normal Elderly Subjects. Journal of the American 
Geriatrics Society. 1994;42(1):1-4. 
244. Hulme C, Roodenrys S, Schweickert R, Brown GD, Martin S, Stuart G. Word-frequency effects 
on short-term memory tasks: Evidence for a redintegration process in immediate serial recall. 
Journal of Experimental Psychology-Learning Memory and Cognition. 1997;23(5):1217-32. 
245. Fuchs D, Fuchs LS. Test Procedure Bias: A Meta-Analysis of Examiner Familiarity Effects. 
Review of Educational Research. 1986;56(2):243-62. 
246. McDermott PA, Watkins MW, Rhoad AM. Whose IQ Is It?—Assessor Bias Variance in High-
Stakes Psychological Assessment. Psychological Assessment. 2014;26(1):207-14. 
247. Calamia M, Markon K, Tranel D. Scoring Higher the Second Time Around: Meta-Analyses of 
Practice Effects in Neuropsychological Assessment. The Clinical Neuropsychologist. 2012;26(4):543-
70. 
248. Waddell PA, Squires CM. Scoring the Wechsler Memory Scale: Some issues examined in a 
New Zealand normative study. Clinical Neuropsychologist. 1987;1(3):263-6. 
249. Frank L, Lloyd A, Flynn JA, Kleinman L, Matza LS, Margolis MK, et al. Impact of cognitive 
impairment on mild dementia patients and mild cognitive impairment patients and their informants. 
International Psychogeriatrics. 2006;18(01):151-62. 
250. Knopman DS, Jack CR, Lundt ES, Wiste HJ, Weigand SD, Vemuri P, et al. Role of β-Amyloidosis 
and Neurodegeneration in Subsequent Imaging Changes in Mild Cognitive Impairment. JAMA 
neurology. 2015:1-9. 
251. Schreiber S, Schreiber F, Lockhart SN, et al. Alzheimer disease signature neurodegeneration 
and apoe genotype in mild cognitive impairment with suspected non–alzheimer disease 
pathophysiology. JAMA Neurology. 2017. 
252. Grober E, Kawas C. Learning and retention in preclinical and early Alzheimer's disease. 
Psychology and aging. 1997;12(1):183. 





Appendix A  
Appendix A1: List of MNI Coordinates for Default Mode Network Analysis 
Table A-1: MNI Coordinate of the default mode network 
X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
-5 -50 10 Posterior Cingulate 
Cortex 
-4 -58  44 Precuneus 
2 32 -8 Ventral Anterior 
Cingulate Cortex 
52 -28 24 Right Inferior Parietal 
Lobule 
-2 50 18 Medial Prefrontal 
Cortex 
46 -66 16 Right Middle 
Temporal Gyrus 
-26 16 44 Left Middle Frontal 
gyrus 
-56 -36 28 Left Inferior Parietal 
Lobule 
-42 -6 16 Left Middle Temporal 
Gyrus 
-22 -27 -21 Left parahippocampal 





Appendix A2: List of MNI Coordinates for Whole Brain Connectivity Analysis 
Table A-2: MNI coordinates from 88 Brodmann areas for whole brain connectivity analysis 
X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
-53  -25  50  Left Postcentral 
Gyrus 
-47  -30  47  Left Postcentral 
Gyrus 
-37  -27  53  Left Precentral 
Gyrus 
-37  -22  51  Left Precentral 
Gyrus 
-17  -44  60  Left Paracentral 
lobule 
-27  -3  53  Left Middle Frontal 
Gyrus 
-17  -63  50  Left Precuneus 
-22  28  49  Left Superior 
Frontal Gyrus 
-29  30  33  Left Middle Frontal 
Gyrus 
-22  54  9  Left Superior 
Frontal Gyrus 
-18  43  -17  Left Superior 
Frontal Gyrus 
-39  -8  9  Left Insula 
242 
 
X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
-12  -90  -1  Left Lingual Gyrus 
-17  -85  1  Left Lingual Gyrus 
-28  -76  9  Left Cuneus 
-47  -22  -29  Left Fusiform Gyrus 
-57  -18  -15  Left Middle 
Temporal Gyrus 
-56  -25  5  Left Superior 
Temporal Gyrus 
-6  -40  24  Left Posterior 
Cingulate Gyrus 
-8  2  36  Left Cingulate 
Gyrus 
-8  18  -17  Left Medial Frontal 
Gyrus 
-19  -33  -4  Left 
Parahippocampal 
Gyrus 
-20  -9  -24  Left 
Parahippocampal 
Gyrus 
-7  -50  7  Left Posterior 
Cingulate Gyrus 




X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
-11  -50  32  Left Precuneus 
-9  29  21  Left Anterior 
Cingulate 
-5  15  23  Left Anterior 
Cingulate 
-18  1  -19  Left 
Parahippocampal 
Gyrus 
-22  -25  -20  Left 
Parahippocampal 
Gyrus 
-31  -28  -24  Left 
Parahippocampal 
Gyrus 
-46  -54  -14  Left Fusiform Gyrus 
-39  13  -27  Left Superior 
Temporal Gyrus 
-46  -66  24  Left Middle 
Temporal Gyrus 
-49  -43  40  Left Inferior 
Parietal Lobule 





X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
-62  -23  12  Left Superior 
Temporal Gyrus 
-58  -12  16  Left Transverse 
Temporal Gyrus 
-52  9  14  Left Precentral 
Gyrus 
-51  21  13  Left Inferior Frontal 
Gyrus 
-45  36  18  Left Middle Frontal 
Gyrus 
-34  25  -13  Left Inferior Frontal 
Gyrus 
55  -24  50  Right Post Central 
Gyrus 
48  -30  47  Right Inferior 
Parietal Lobule 
40  -27  52  Right Postcentral 
Gyrus 
37  -23  52  Right Postcentral 
Gyrus 
13  -43  59  Right Paracentral 
Lobule 




X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
15  -63  49  Right Precuneus 
20  29  49  Right Superior 
Frontal Gyrus 
28  32  33  Right Middle 
Frontal Gyrus 
22  54  9  Right Superior 
Frontal Gyrus 
19  43  -17  Right Superior 
Frontal Gyrus 
40  -7  9  Right Insula 
12  -90  0  Right Lingual Gyrus 
14  -85  2  Right Lingual Gyrus 
29  -76  9  Right Cuneus 
47  -22  -29  Right Fusiform 
Gyrus 
58  -17  -15  Right Middle 
Temporal Gyrus 
56  -22  3  Right Superior 
Temporal Gyrus 
4  -43  24  Right Posterior 
Cingulate Gyrus 





X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
5  14  -14  Right Subcallosal 
Gyrus 
18  -33  -4  Right 
Parahippocampal 
Gyrus 
21  -9  -24  Right 
Parahippocampal 
Gyrus 
6  -50  8  Right Posterior 
Cingulate Gyrus 
12  -58  7  Right Cuneus 
9  -48  33  Right Precuneus 
8  30  20  Right Anterior 
Cingulate 
3  18  23  Right Anterior 
Cingulate 
18  1  -19  Right 
Parahippocampal 
Gyrus 







X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 
30  -26  -24  Right 
Parahippocampal 
Gyrus 
46  -54  -14  Right Fusiform 
Gyrus 
39  13  -28  Right Superior 
Temporal Gyrus 
46  -65  24  Right Middle 
Temporal Gyrus 
50  -43  41  Right Precentral 
Gyrus 
47  -29  10  Right Transverse 
Temporal Gyrus 
63  -24  12  Right Superior 
Temporal Gyrus 
58  -10  15  Right Transverse 
Temporal Gyrus 
53  9  14  Right Precentral 
Gyrus 
52  21  13  Right Inferior 
Frontal Gyrus 





X co-ordinate Y co-ordinate Z co-ordinate Anatomical Name 






Appendix B   
Appendix B1: sLORETA activity changes 
Figure B-1 below show the voxel with the maximal change in activity in each frequency band. Red 
voxels represent areas where activity was higher in the post training EEG, and blue voxels show 
where activity was lower in the post training EEG.  











































Appendix B2: Whole Brain Connectivity with 84 Regions of Interest 
Figure B-2 below shows the changes in lagged phase synchronisation between 84 regions of interest 
in each frequency band. Only statistically significant decreases were detected, no statistically 
significant increases were detected. Blue lines represent decreased connectivity between regions of 
interest. White lines represent non-significant increases in function connectivity between regions of 
interest.   
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Appendix B3: Default Mode Network Connectivity with 11 Regions of Interest 
The figure B-3 below shows the lagged phase synchronisation of 11 regions of interest in the default 
mode network. Blue lines represent significant decreases in functional connectivity between pairs of 
regions of interest. White lines represent non-significant increases in functional connectivity. Red 
lines represent statistically significant increases in the functional connectivity between regions of 
interest. The two diagrams that show increases in functional connectivity used a higher threshold of 






Alpha 2 band 
 
Beta 1 band 
Figure B-3: Change in the DMN connectivity between the pre training and post training resting state EEG 
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Appendix B4: In training Activity in the PCC over Time 
Figures B-4 to B-7 below show the in training activity in the PCC over time. The first and every 
second point from thereon represents the activity during the first five minutes of that training 
session. The second, and every second from thereon represents the last five minutes of that training 
session. Participants are randomly assigned the same number throughout. 
 
Figure B-4: Change in the theta current density in the PCC in the in-training data 
 









Figure B-6 Change in the alpha 2  current density in the PCC in the in-training data 
 
Figure B-7 Change in the beta 1 current density in the PCC in the in-training data 
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Appendix B5: Resting State activity in the PCC over time 
Figures B-8 to B-11 below show the resting state activity in the PCC over time. This was measured at 
session 1, 8, 12 and 15.  
 
Figure B-8 Change in the theta  current density in the PCC in the resting state  data 
 











Figure B-10 Change in the alpha 2 current density in the PCC in the resting state  data 
 
Figure B-11 Change in the beta 1 current density in the PCC in the resting state  data 
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Appendix B5: In Training Connectivity between the PCC and the Left Parahippocampal 
Gyrus over Time 
Figures B-12 to B-15 show the change in phase lagged synchronisation between the PCC and the 
parahippocampal gyrus over time. The first and every second point thereon represents the 
connectivity during the first 5 minutes of each session. The second, and every second point thereon 
represents the connectivity during the final 5 minutes of each session.  
 





Figure B-13 Change in the alpha 1  phase lagged synchronisation between PCC and the parahippocampal gyrus in the in-
training data 
 
Figure B-14 Change in the alpha 2 phase lagged synchronisation between PCC and the parahippocampal gyrus in the in-



















Appendix B7: Resting State Connectivity between the PCC and the Left 
Parahippcampal Gyrus 
The resting state phase lagged synchronisation between the PCC and the left parahippocampal gyrus 
was calculated for the resting state EEGs taken at sessions 1, 8, 12 and 15. These are shown in 
Figures B-16 to B-19 below 
 
Figure B-16: Change in the theta phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
resting state data 
 







Figure B-18: Change in the alpha 2 phase lagged synchronisation between PCC and the parahippocampal gyrus in the in-
training data 
 




Appendix B8: Table of Mean Correlation Coefficient  
Table B-2 shows the averaged correlation coefficient for each frequency band in each condition, for 
the sLORETA indices shown in the graphs in Appendices B4 to B7. 
 
Table B-1: Mean correlation coefficient for activity and resting state indices  
Condition/Band Mean (SD) Median Significance 
In Training Activity 
Theta Correlation Coefficient 0.0774 (0.21) 0.0776 p=0.241b 
Alpha 1 Correlation Coefficient 0.153 (0.17) 0.183 p=0.028b 
Alpha 2 Correlation Coefficient 0.0248 (0.32) -0.0127 p=0.814a 
Beta 1 Correlation Coefficient 0.03769 (0.28) -0.0121 p=0.686a 
Resting State Activity 
Theta Correlation Coefficient 0.240 (0.51) 0.240 p=0.646b 
Alpha 1 Correlation Coefficient 0.105 (0.17) 0.173 p=0.592a 
Alpha 2 Correlation Coefficient 0.125 (0.58) -0.0674 p=0.516a 
Beta 1 Correlation Coefficient 0.0824 (0.68) -0.182 p=0.575b 
In Training Connectivity 
Theta Correlation Coefficient 0.137 (0.24) 0.194 p=0.110a 
Alpha 1 Correlation Coefficient 0.0635 (0.18) 0.0384 p=0.285a 
Alpha 2 Correlation Coefficient -0.123 (0.25) -0.194 p=0.114b 
Beta 1 Correlation Coefficient 0.0859 (0.182) 0.107 p=0.170a 
Resting State Connectivity 
Theta Correlation Coefficient 0.343 (0.51) 0.500 p=0.063a 
Alpha 1 Correlation Coefficient 0.154 (0.58) 0.135 p=0.422a 
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Condition/Band Mean (SD) Median Significance 
Resting State Connectivity 
Alpha 2 Correlation Coefficient -0.0150 (0.65) 0.0880 p=0.878b 
Beta 1 Correlation Coefficient 0.221 (0.69) 0.366 p=0.333b 
a significance was calculated using a one sample t test.  H0 = mean of correlation coefficients is 0  




Appendix C   
Appendix C1: Baseline Characteristics of Volunteers 
Table C-1 below shows the baseline characteristics of people who qualified to take part in the 
biofeedback training, who scored below 90 on the immediate memory index. 
Table C-1: Baseline characteristics of participants all volunteers who scores below 90 on the immediate memory index 
 Group total 
Mean (SD) 
RBANS A group 
Mean (SD) 
RBANS B group 
Mean(SD) 
Age 67.6 (9.65) 67.5 (9.44) 67.8 (9.99) 
Number of Women (%) 31 (45.6%) 20 (46.5%) 11 (44.0%) 
Years of Education 14.1 (2.50) 14.2 (2.49) 13.9 (2.51) 
List Learning 22.4 (4.82) 22.5 (5.03) 22.4 (4.44) 
Story Learning 12.5 (2.93) 12.0 (2.83) 13.3 (2.91) 
Figure Copy 18.4 (1.78) 18.5 (1.83) 18.0 (1.64) 
Line Orientation 17.0 (2.41) 17.1 (2.48) 16.9 (2.28) 
Picture Naming 9.4 (0.85) 9.3 (0.96) 9.6 (0.56) 
Semantic Fluency 19.2 (4.27) 20.1 (4.21) 17.6 (3.90) 
Digit Span 10.3 (2.21) 10.0 (2.09) 10.7 (2.34) 
Coding 39.5 (8.85) 39.6 (7.55) 39.4 (10.73) 
List Recall 4.0 (2.20) 4.2 (2.26) 3.8 (2.08) 
List Recognition 18.4 (1.81) 18.5 (1.73) 18.2 (1.92) 
Story Recall 6.2 (2.60) 5.9 (2.51) 6.8 (2.66) 




 Group total 
Mean (SD) 
RBANS A group 
Mean (SD) 




80.6 (9.24) 79.5 (9.57) 82.6 (8.30) 
Visuospatial Index 105.0 (15.56) 106.3 (15.80) 102.7 (14.86) 
Language Index 96.6 (10.41) 97.4 (10.97) 95.2 (9.19) 
Attention index 96.3 (12.66) 95.2 (12.12) 98.1 (13.34) 
Delayed Memory index 88.8 (15.13) 89.0 (15.43) 88.4 (14.60) 
Sum of Indices 467.2 (40.52) 467.3 (40.90) 467.0 (39.85) 
Total Scale Index 90.8 (10.32) 90.8 (10.38) 90.7 (10.21) 
Average last two 2-back 42.5 (23.62) 45.0 (24.24) 38.1 (21.81) 
 
Table C-2 shows the baseline characteristics of the volunteers who scored above 90 on the 
immediate memory index, had and EEG taken and were matched to participants in the biofeedback 
training. They form the ‘normal brain’ control group. 
Table C-2 Baseline Characteristics of volunteers who scored above 90 and were matched to participants 
 Group Total RBANS A RBANS B 
Age 66.1 (10.77) 62.9 (11.25) 67.7 (10.19) 
Number of Women 
(%) 
22 (46.8%) 11 (73.3%) 11 (34.3%) 
Years of Education 16.0 (2.70) 16.3 (3.09) 15.9 (2.48) 
List Learning 28.7 (3.40) 28.3 (3.45) 28.9 (3.35) 
Story Learning 18.7 (2.42) 17.7 (2.74) 19.2 (2.09) 
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 Group Total RBANS A RBANS B 
Figure Copy 18.7 (1.51) 19.2 (0.83) 18.5 (1.70) 
Line Orientation 17.7 (3.13) 17.9 (2.21) 17.6 (3.48) 
Picture Naming 9.9 (0.31) 9.8 (0.40) 9.9 (0.24) 
Semantic Fluency 21.8 (5.20) 25.0 (5.07) 20.3 (4.55) 
Digit Span 10.6 (2.46) 10.9 (1.88) 10.4 (2.67) 
Coding 46.3 (8.71) 48.5 (8.21) 45.3 (8.76) 
List Recall 6.5 (2.00) 6.0 (1.79) 6.7 (2.05) 
List Recognition 19.5 (0.82) 19.3 (1.07) 19.6 (0.66) 
Story Recall 9.9 (1.76) 9.2 (1.76) 10.2 (1.68) 
Figure Recall 15.0 (2.82) 14.1 (3.19) 15.4 (2.52) 
Immediate Memory 
Index 
107.9 (8.94) 105.6 (9.11) 109.0 (8.65) 
Visuospatial Index 110.5 (13.35) 112.6 (12.86) 109.5 (13.47) 
Language Index 104.5 (11.81) 111.2 (12.01) 101.4 (10.32) 
Attention index 104.4 (13.85) 108.3 (10.95) 102.6 (14.67) 
Delayed Memory 
index 
107.1 (10.25) 101.9 (10.74) 109.6 (9.01) 
Sum of Indices 534.5 (37.20) 539.6 (38.25) 532.1 (36.45) 
Total Scale Index 109.6 (11.57) 111.5 (12.16) 108.8 (11.18) 
Average last two 2-
back 




Appendix C2: Whole Group Baseline Comparisons to ‘Normal Brain’ Controls 
Activity 
Figure C-1 below show the comparison of the baseline EEG recordings of the participants and the 
‘normal brain’ control group. Blue voxels indicate the activity was lower in the participants and 
orange voxels indicate the activity was higher in the participants. In the omega band, no significant 





























Figure C-1: Maps of current density comparing the matched participants at baseline and ‘normal brain’ controls 
Connectivity 
Figure C-2 below shows the difference in the connectivity between the participants and the ‘normal 
brain controls. These represent changes significant at the p=0.12 level. Blue lines indicate there is 
decreased connectivity between the nodes in the participants and red lines indicate that there is 
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Figure C-2: Maps comparing the phase lagged synchronisation of the DMN of matched participants at baseline and ‘normal 
brain’ controls 
Appendix C3: Baseline RBANS Score Separated by Initial Form 
Table C-3 to C-5 below show the baseline RBANS scores in each group individually, separated by 
RBANS form. 
Broadband Feedback Group 
Table C-3: Baseline RBANS score of the broadband feedback group 




Age 70.8 (12.1) 70.3 (11.77) 71.4 (12.50) 
Number of Women (%) 8 (44.4%) 5 (50.0%) 3 (38.9%) 








List Learning 21.3 (5.8) 22.7 (6.15) 19.6 (4.90) 
Story Learning 12.2 (2.90) 12.3 (2.87) 12.1 (2.93) 
Figure Copy 17.8 (1.93) 17.8 (2.48) 17.8 (0.83) 
Line Orientation 17.2 (2.09) 17.7 (1.90) 16.5 (2.12) 
Picture Naming 9.3 (0.80) 9.3 (0.90) 9.3 (0.66) 
Semantic Fluency 18.1 (4.71) 19.6 (4.15) 16.1 (4.65) 
Digit Span 9.8 (1.50) 9.8 (1.17) 9.9 (1.83) 
Coding 34.4 (9.85) 36.2 (8.33) 32.1 (11.06) 
List Recall 3.4 (2.52) 4.1 (9.95) 2.6 (1.49) 
List Recognition 17.8 (2.48) 17.9 (2.30) 17.6 (2.69) 
Story Recall 5.4 (2.41) 5.5 (2.20) 5.3 (2.63) 
Figure Recall 11.4 (5.37) 11.9 (5.32) 10.8 (5.36) 
Immediate Memory 
Index 
79.8 (9.91) 81.6 (10.34) 77.5 (8.85) 
Visuospatial Index 102.7 (14.11) 105.3 (15.89) 99.5 (1.64) 
Language Index 94.8 (13.09) 97.5 (13.54) 91.5 (11.68) 
Attention index 91.3 (7.93) 92.8 (7.12) 89.5 (8.49) 
Delayed Memory index 84.4 (18.68) 86.4 (18.85) 82.0 (18.16) 
Sum of Indices 453.1 (49.12) 463.6 (52.37) 440.0 (41.14) 
Total Scale Index 87.1 (12.34) 89.7 (13.24) 83.9 (10.24) 
Average last two 2-
back 




Narrowband Feedback Group 
Table C-4: Baseline RBANS score of the narrowband feedback group 




Age 66.7 (9.77) 69.0 (9.09) 62.5 (9.57) 
Number of Women 
(%) 
7 (41.1%) 4 (36.3%) 3 (50%) 
Years of Education 13.1 (2.49) 13.3 (2.49) 12.8 (2.48) 
List Learning 22.6 (4.22) 22.2 (4.93) 23.3 (2.21) 
Story Learning 12.9 (2.53) 12 (2.45) 14.7 (1.60) 
Figure Copy 18.9 (1.26) 18.7 (1.42) 19.3 (0.75) 
Line Orientation 17.1 (2.69) 17.1 (2.91) 17 (2.24) 
Picture Naming 9.5 (1.04) 9.2 (1.19) 10 (0.00) 
Semantic Fluency 18.6 (3.98) 19.5 (4.38) 17.2 (2.54) 
Digit Span 10.2 (2.34) 9.5 (1.92) 11.7 (2.36) 
Coding 43.9 (7.89) 41.3 (6.94) 48.8 (7.15) 
List Recall 4.2 (1.98) 4.1 (1.83) 4.5 (2.22) 
List Recognition 18.8 (1.11) 18.9 (1.08) 18.5 (1.12) 
Story Recall 6.6 (2.63) 5.8 (2.59) 8.2 (1.95) 
Figure Recall 12.6 (3.34) 12.5 (3.58) 12.7 (2.87) 
Immediate Memory 
Index 
81.5 (8.38) 79.8 (8.70) 84.7 (6.72) 
Visuospatial Index 108.1 (14.17) 107.5 (13.8) 109 (14.79) 
Language Index 95.2 (9.90) 96.1 (11.35) 93.7 (6.16) 
Attention index 100.5 (12.67) 95.7 (11.67) 109.2 (9.39) 
279 
 






91.4 (11.91) 90.5 (12.6) 93.2 (10.32) 
Sum of Indices 476.7 (26.80) 469.6 (26.03) 489.7 (23.10) 
Total Scale Index 93.0 (6.99) 91.2 (6.58) 96.5 (6.40) 
Average last two 2-
back 
47.8 (26.03) 37.6 (18.75) 54.8 (23.36) 
 
Placebo Feedback Group 
Table C-5: Baseline RBANS score in the placebo feedback group 
 Group Total RBANS A RBANS B 
Age 66.0 (7.43) 64.8 (8.23) 68.3 (18.14) 
Number of Women 
(%) 
7 (38.9%) 0.3 (0.47) 0.5 (0.43) 
Years of Education 14.9 (2.18) 15.3 (1.89) 14 (4.13) 
List Learning 23.6 (3.89) 23.3 (3.59) 24.2 (6.94) 
Story Learning 12.5 (3.17) 11.8 (3.13) 13.8 (4.14) 
Figure Copy 18.3 (1.67) 18.6 (1.50) 17.8 (5.09) 
Line Orientation 16.5 (2.41) 16.9 (2.33) 15.8 (4.54) 
Picture Naming 9.3 (0.67) 9.2 (0.69) 9.7 (2.58) 
Semantic Fluency 19.2 (3.88) 19.9 (4.13) 17.7 (4.52) 
Digit Span 10.3 (2.11) 10.3 (2.09) 10.3 (2.86) 
Coding 40.5 (7.56) 41.4 (7.55) 38.7 (10.55) 
List Recall 4.4 (1.92) 4.5 (1.66) 4.2 (2.10) 
280 
 
 Group Total RBANS A RBANS B 
List Recognition 18.6 (1.50) 18.7 (1.37) 18.3 (5.07) 
Story Recall 6.5 (2.69) 6.3 (2.62) 7.0 (2.68) 
Figure Recall 12.1 (4.42) 13.4 (4.21) 9.5 (4.67) 
Immediate Memory 
Index 
81.5 (9.59) 79.5 (9.90) 85.5 (22.67) 
Visuospatial Index 101.8 (16.31) 104.0 (15.42) 97.3 (28.62) 
Language Index 96.3 (6.31) 96.6 (7.05) 95.7 (25.56) 
Attention index 95.9 (13.88) 96.9 (14.20) 93.8 (24.73) 
Delayed Memory 
index 
90.4 (9.96) 92.8 (8.82) 85.7 (25.32) 
Sum of Indices 465.8 (35.05) 469.8 (36.67) 458 (124.07) 
Total Scale Index 90.6 (8.78) 91.7 (9.18) 88.3 (23.7) 
Average last two 2-
back 











Appendix C4: Difference in Current Density to ‘Normal Brain’ Controls 
Figure C-3 to C-5 below shows the difference in the current density between each group and their 
matched ‘normal brain’ controls. Each image shows the voxel with the greatest change from 
baseline. Blue voxels indicate the activity was lower in the participants and orange voxels indicate 
the activity was higher in the participants. In the omega band, no significant voxels could be found. 
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Figure C-3: Maps of current density comparing matched participants in the broadband feedback group at baseline and 
‘normal brain’ controls  
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Figure C-4: Maps of current density comparing matched participants in the narrowband feedback group at baseline and 
‘normal brain’ controls 
285 
 





























Appendix C5: Difference is Phase Lagged Synchronisation of the DMN to ‘Normal 
Brain’ Controls 
Figures C-6 to C-8 below show the differences in the default mode connectivity between the 
participants in each group and the matched ‘normal brain’ controls. Red lines indicate higher 
connectivity in the participants than in the ‘normal brain’ controls, and blue lines indicate lower 
connectivity in the participants than the ‘normal brain’ controls. 
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Figure C-6: Maps of phase lagged synchronisation of the DMN comparing match participants in the broadband feedback 
group at baseline with ‘normal brain’ controls 
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Figure C-7: Maps of phase lagged synchronisation of the DMN comparing match participants in the narrowband feedback 
group at baseline with ‘normal brain’ controls 
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Figure C-8: Maps of phase lagged synchronisation of the DMN comparing match participants in the placebo feedback group 




Appendix C6: Change from Baseline to Immediate Follow up in RBANS Separated by 
RBANS Form  
Tables C-6 to C-8 below show the immediate follow up score on the RBANS and change from 
baseline. 
Broadband Feedback Group  
Table C-6: Change in RBANS score from baseline to immediate follow up in the broadband feedback group separated by 
RBANS form 








List Learning 26.1 (5.13) 3.4 20.1 (5.71) 0.5 
Story Learning 15.6 (2.91) 3.3 12.9 (3.72) 0.8 
Figure Copy 16.6 (2.73) -1.2 16.8 (1.85) -1 
Line Orientation 17.7 (2.05) 0 15.9 (2.98) -0.6 
Picture Naming 9.8 (0.60) 0.5 9.6 (0.48) 0.4 
Semantic Fluency 18.4 (5.06) -1.2 18.6 (6.04) 2.5 
Digit Span 10.0 (1.67) 0.2 10.0 (2.40) 0.1 
Coding 37.3 (7.36) 1.1 33.4 (12.98) 1.3 
List Recall 6.6 (2.06) 2.5 3.4 (2.18) 0.8 
List Recognition 18.7 (2.24) 0.8 17.8 (2.77) 0.1 
Story Recall 7.6 (2.46) 2.1 6.1 (3.48) 0.9 
Figure Recall 11.1 (5.07) -0.8 9.4 (4.61) -1.4 
Immediate Memory 
Index 
97.7 (12.76) 16.1 83.8 (12.26) 6.3 
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Visuospatial Index 98.5 (17.09) -6.8 95.1 (17.84) -4.4 
Language Index 97.1 (11.11) -0.4 98.8 (9.60) 7.3 
Attention index 95.5 (9.7) 2.7 92.3 (15.2) 2.8 
Delayed Memory 
index 
96.7 (19.48) 10.3 85.6 (20.33) 3.6 
Sum of Indices 485.5 (44.89) 21.9 455.5 (59.55) 15.5 
Total Scale Index 95.5 (11.3) 5.8 88.4 (15.32) 4.5 
Average last two 2-
back 
31.7 (16.14) -3.9 30.5 (13.62) -4.2 
Narrowband Feedback Group 
Table C-7: Change in RBANS score from baseline to immediate follow up in the narrowband feedback group separated by 
RBANS form 








List Learning 24.2 (4.93) 2 24.0 (3.51) 0.7 
Story Learning 16.1 (4.12) 4.1 12.0 (4.24) -2.7 
Figure Copy 23.9 (18.10) 5.2 18.5 (1.26) -0.8 
Line Orientation 15.8 (2.55) -1.3 17.7 (2.05) 0.7 
Picture Naming 9.6 (0.64) 0.5 9.7 (0.47) -0.3 
Semantic Fluency 17.9 (3.73) -1.5 22.2 (2.41) 5 
Digit Span 8.4 (2.53) -1.1 10.8 (2.48) -0.8 
Coding 40.6 (6.88) -0.6 48 (7.72) -0.8 
List Recall 4.8 (2.66) 0.7 3.3 (1.11) -1.2 
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List Recognition 17.5 (2.68) -1.4 19.2 (1.07) 0.7 
Story Recall 8.6 (2.80) 2.8 6.8 (3.29) -1.3 
Figure Recall 12.3 (3.33) -0.3 12.8 (3.13) 0.2 
Immediate 
Memory Index 
94.3 (14.74) 14.5 80.7 (13.22) -4 
Visuospatial Index 98.9 (8.41) -8.6 106.3 (12.46) -2.7 
Language Index 95.1 (11.46) -1 103.0 (4.55) 9.3 
Attention index 91.2 (9.53) -4.5 105.8 (15.59) -3.3 
Delayed Memory 
index 
93.9 (15.48) 3.5 93.8 (11.88) 0.7 
Sum of Indices 473.4 (30.89) 3.7 489.7 (38.81) 0 
Total Scale Index 92.3 (7.85) 1.1 96.3 (11.32) -0.2 
Average last two 
2-back 
42.5 (18.00) 5 61.7 (24.65) 6.8 
 
Placebo Feedback Group 
Table C-8: Change in RBANS score from baseline to immediate follow up in the placebo feedback group separated by RBANS 
form 








List Learning 25.4 (3.20) 2.2 24.5 (4.07) 0.3 
Story Learning 16.3 (4.09) 4.5 11.8 (3.85) -2 
Figure Copy 18.1 (2.50) -0.5 17.7 (0.75) -0.2 
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Line Orientation 15.8 (4.52) -1.1 16.0 (2.94) 0.2 
Picture Naming 10.0 (0.00) 0.8 9.8 (0.37) 0.2 
Semantic Fluency 19.6 (4.31) -0.3 21.7 (2.49) 4 
Digit Span 11.3 (2.38) 0.9 9.0 (2.45) -1.3 
Coding 43.4 (7.16) 2 40.5 (5.41) 1.8 
List Recall 4.9 (2.02) 0.4 2.8 (1.21) -1.3 
List Recognition 18.3 (1.65) -0.3 18.2 (1.46) -0.2 
Story Recall 9.7 (1.65) 3.4 5.3 (2.13) -1.7 
Figure Recall 14.5 (2.99) 1.1 11.3 (3.90) 1.8 
Immediate 
Memory Index 
95.6 (11.38) 16.1 81.8 (11.19) -3.7 
Visuospatial Index 101.2 (21.47) -2.8 94.7 (12.93) -2.7 
Language Index 98.5 (9.45) 1.9 102.5 (5.32) 6.8 
Attention index 102.3 (11.63) 5.3 90.3 (12.26) -3.5 
Delayed Memory 
index 
97.9  (10.23) 5.2 83 (10.05) -2.7 
Sum of Indices 495.4 (39.45) 25.7 452.3 (19.37) -5.7 
Total Scale Index 98.1 (10.51) 6.4 86.7 (4.42) -1.7 
Average last two 
2-back 





Appendix C7: Change From Baseline to Immediate Follow up in Current Density 
Figures C-9 to C-11 illustrate the voxel with the highest magnitude change in each group in each 
frequency band, comparing the immediate follow up resting state recording to the baseline 
recording. Blue indicates voxels with decreased activity after training and red voxels indicate higher 
activity after training. 
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Figure C-9: Maps of change in current density comparing immediate follow up resting state recording to the baseline resting 
state recording in the broadband feedback group 
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Figure C-10: Maps of change in current density comparing immediate follow up resting state recording to the baseline 
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Figure C-11 Maps of change in current density comparing immediate follow up resting state recording to the baseline 
resting state recording in the placebo feedback group 
Appendix C8: Change from Baseline to Immediate Follow Up in Phase Lagged 
Synchronisation of the DMN 
Figures C-12 to C-14 below show changes in the phase lagged synchronisation of the default mode 
network between baseline and immediate follow up. Blue lines represent decreases in connectivity 
from baseline and red lines indicate increases in connectivity from baseline. Bands not shown have 
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Figure C-12: Maps of change in phase lagged synchronisation of the DMN comparing immediate follow up resting state 
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Figure C-13: Maps of change in phase lagged synchronisation of the DMN comparing immediate follow up resting state 
recording to the baseline resting state recording in the narrowband feedback group 
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Placebo Feedback Group 







Figure C-14: Maps of change in phase lagged synchronisation of the DMN comparing immediate follow up resting state 












Appendix C9: Change in activity and connectivity indices for In-training Data 
Figures C-15 to C-34 below show the changes in the measured indices for each participant in each 
group. The changes in these measures are non-significant at a group level, significant changes at a 
group level are given in chapter 5.  
Broadband Feedback Group PCC Current Density 
 
Figure C-15: Change in the theta current density in the PCC in the broadband feedback group in the  in-training data 
 





Figure C-17 Change in the alpha 2  current density in the PCC in the broadband feedback group in the  in-training data 
 
Figure C-18 Change in the beta 1 current density in the PCC in the broadband feedback group in the  in-training data 
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Broadband Feedback Group Phase Lagged Synchronisation of the PCC to MTL 
 
Figure C-19: Change in the theta phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
broadband feedback group in the  in-training data 
 
Figure C-20: Change in the alpha 1 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 




Narrowband Feedback Group PCC Current Density 
 
Figure C-22 Change in the alpha 2  current density in the PCC in the narrowband feedback group in the  in-training data 
 
 
Figure C-21: Change in the beta 1 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
broadband feedback group in the  in-training data 
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Narrowband Feedback Group Phase Lagged Synchronisation of the PCC to MTL 
 
Figure C-23: Change in the theta phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
narrowband feedback group in the  in-training data 
 
Figure C-24: Change in the alpha 1 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 





Figure C-25: Change in the alpha 2 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
narrowband feedback group in the  in-training data 
 
Figure C-26: Change in the beta 1 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
narrowband feedback group in the  in-training data 
327 
 
Placebo Feedback Group PCC Current Density 
 
Figure C-27: Change in the theta current density in the PCC in the placebo feedback group in the  in-training data 
 





Figure C-29: Change in the alpha 2  current density in the PCC in the placebo feedback group in the  in-training data 
 
Figure C-30: Change in the beta 1 current density in the PCC in the placebo feedback group in the  in-training data 
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Placebo Feedback Group Phase Lagged Synchronisation of the PCC to MTL 
 
Figure C-31: Change in the theta phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
placebo feedback group in the  in-training data 
 
Figure C-32: Change in the alpha 1 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 





Figure C-33: Change in the alpha 2 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
placebo feedback group in the  in-training data 
 
Figure C-34: Change in the beta 1 phase lagged synchronisation between PCC and the parahippocampal gyrus in the 
placebo feedback group in the  in-training data 
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Appendix C10: Change in Baseline to 6 Week Follow Up RBANS Scores Separated by 
Initial Form  
Table C-9 to C-11 show the changes of the 6 week follow up test from baseline of RBANS subtests 
and cognitive indices separated by whether the participants started on RBANS form A or B. 
Broadband Feedback Group 
Table C-9: Change in RBANS scores comparing the 6 week follow up to the baseline score in the broadband feedback group 








List Learning 25.2 (6.05) 2.5 23.0 (4.72) 3.4 
Story Learning 16.1 (2.21) 3.8 14.6 (4.58) 2.5 
Figure Copy 17.9 (1.14) 0.1 17.8 (1.85) 0 
Line Orientation 18.0 (2.14) 0.3 16.4 (2.12) -0.1 
Picture Naming 9.5 (0.50) 0.2 9.6 (0.48) 0.4 
Semantic Fluency 21.1 (5.24) 1.5 17.3 (4.71) 1.1 
Digit Span 9.6 (2.37) -0.2 9.6 (1.32) -0.3 
Coding 40.8 (7.93) 4.6 35 (11.06) 2.9 
List Recall 4.8 (3.09) 0.7 3.8 (2.44) 1.1 
List Recognition 18.2 (2.09) 0.3 18.6 (2.29) 1 
Story Recall 7.2 (2.93) 1.7 7.5 (3.61) 2.3 
Figure Recall 12.1 (5.58) 0.2 11.3 (5.63) 0.5 
Immediate Memory Index 97.8 (10.97) 16.2 91.8 (11.30) 14.3 
Visuospatial Index 106.3 (9.82) 1 101.4 (11.02) 1.9 
Language Index 104.4 (10.13) 6.9 96.8 (6.87) 5.3 
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Attention index 98.7 (12.35) 5.9 92.1 (8.61) 2.6 
Delayed Memory index 93.1 (21.24) 6.7 89.5 (21.03) 7.5 
Sum of Indices 500.3 (38.45) 36.7 471.5 (47.88) 31.5 
Total Scale Index 99.4 (10.54) 9.7 92.1 (12.39) 8.3 
Average last two 2-back 42.0 (20.27) 6.4 39.5 (20.10) 4.8 
 
Narrowband Feedback Group 
Table C-10: Change in RBANS scores comparing the 6 week follow up to the baseline score in the narrowband feedback 
group 








List Learning 24.3 (5.99) 2.1 24.3 (2.29) 1 
Story Learning 15.4 (3.26) 3.4 19.0 (2.08) 4.3 
Figure Copy 17.5 (2.43) -1.2 17.7 (1.37) -1.7 
Line Orientation 16.7 (2.70) -0.4 17.2 (1.21) 0.2 
Picture Naming 9.5 (0.50) 0.4 9.8 (0.37) -0.2 
Semantic Fluency 20.3 (4.71) 0.8 19.2 (3.34) 2 
Digit Span 9.5 (1.44) 0 11.8 (2.61) 0.2 
Coding 43.3 (8.52) 2 51.3 (4.53) 2.5 
List Recall 4.3 (2.70) 0.2 5.0 (3.06) 0.5 
List Recognition 18.5 (1.92) -0.4 18.3 (1.37) -0.2 
Story Recall 8.4 (2.50) 2.5 10.3 (1.37) 2.2 
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Figure Recall 14.0 (2.66) 1.5 14.7 (1.97) 2 
Immediate Memory Index 92.2 (15.16) 12.4 97.2 (7.20) 12.5 
Visuospatial Index 99.5 (15.16) -8.1 100.0 (7.81) -9 
Language Index 101.5 (9.26) 5.4 97.5 (6.37) 3.8 
Attention index 98.7 (9.98) 3 111.8 (9.84) 2.7 
Delayed Memory index 96.7 (16.39) 6.3 99.8 (14.55) 6.7 
Sum of Indices 488.5 (37.26) 18.9 509.0 (19.53) 19.3 
Total Scale Index 96.5 (9.47) 5.3 101.7 (5.37) 5.2 
Average last two 2-back 43.9 (18.72) 6.3 69.1 (27.46) 14.3 
 
Placebo Feedback Group 
Table C-11: Change in RBANS scores comparing the 6 week follow up to the baseline score in the placebo  feedback group 








List Learning 25.5 (3.82) 2.2 25.5 (3.55) 1.3 
Story Learning 14.3 (4.39) 2.4 14.7 (3.40) 0.8 
Figure Copy 18.0 (2.17) -0.6 17.5 (1.98) -0.3 
Line Orientation 16.4 (4.18) -0.6 16.2 (2.11) 0.3 
Picture Naming 9.7 (0.45) 0.6 10.0 (0.00) 0.3 
Semantic Fluency 20.6 (3.20) 0.7 17.5 (2.75) -0.2 
Digit Span 10.4 (1.82) 0 10.5 (3.1) 0.2 
Coding 45.7 (8.62) 4.3 41.2 (7.54) 2.5 
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List Recall 5.3 (1.66) 0.8 4.2 (1.57) 0 
List Recognition 19.1 (1.38) 0.4 19.5 (0.50) 1.2 
Story Recall 7.9 (2.57) 1.7 7.3 (1.97) 0.3 
Figure Recall 13.5 (4.23) 0 12.3 (4.27) 2.8 
Immediate Memory Index 89.6 (9.63) 10.1 91.2 (12.27) 5.7 
Visuospatial Index 101.6 (19.79) -2.4 95.5 (10.77) -1.8 
Language Index 99.6 (5.35) 3.1 95.0 (4.69) -0.7 
Attention index 102.4 (14.17) 5.4 97.2 (17.03) 3.3 
Delayed Memory index 99.1 (12.84) 6.3 99.3 (5.09) 13.7 
Sum of Indices 492.4 (50.61) 22.6 478.7 (26.61) 20.7 
Total Scale Index 98 (13.54) 6.3 93.2 (6.89) 4.8 












Appendix C11: Change from Baseline to 6 Week Follow Up in the Phase Lagged 
Synchronisation of the DMN 
Figures C-35 to C-37 show the changes in the phase lagged synchronisation of the 11 default mode 
nodes, comparing the 6 week follow up recording to the pre training resting sate recording. Blue 
lines indicate lower connectivity at the 6 week follow up and red lines indicate increased 
connectivity at the 6 week follow up. 
Broadband Feedback group 












Alpha 2 band 
 











Figure C-35: Maps of change in phase lagged synchronisation of the DMN comparing 6 week  follow up resting state 














Narrowband Feedback group 
This image is not significant at p=0.32. No other changes were found at this level of significance. 
Figure C-36: Maps of change in phase lagged synchronisation of the DMN comparing 6 week  follow up resting state 












Beta 2 band 
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Placebo Feedback Group 
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Figure C-37: Maps of change in phase lagged synchronisation of the DMN comparing 6 week  follow up resting state 




Appendix D  
Appendix D1: Coordinates of the Posterior DMN 
Table D-1 below shows the co-ordinates used in the restricted connectivity analysis of the default 
mode network.  
Table D-1: MNI coordinates of the posterior DMN nodes 
X co-ordinate Y co-ordinate Z co-ordinate Anatomical name 
-5 -50 10 Posterior Cingulate 
52 -28 24 Right Inferior Parietal 
Lobule 
-56 -36 28 Left Inferior Parietal 
Lobule 
-22 -26 -21 Left parahippocampal 
gyrus 
25 -26 18 Right parahippocampal 
gyrus 
 
Appendix D2: Variables included in the correlation analysis for the assessment of 
validity 
Tables D-2 shows the variables included in the third level of correlation described, including  six 





Table D-2: Variables correlated for assessment of validity 
Memory outcomes EEG outcomes 
Difference between the immediate follow up 
and the pre-training Immediate memory index 
In training correlation coefficient for theta band 
PCC current density and session number 
Difference between the 6 week follow up and 
the pre-training Immediate memory index 
In training correlation coefficient for alpha 1 
band PCC current density and session number 
Difference between the 6 week follow up and 
the immediate follow up Immediate memory 
index 
In training correlation coefficient for alpha 2 
band PCC current density and session number 
Difference between the immediate follow up 
and the pre-training Delayed memory index 
In training correlation coefficient for beta band 
PCC current density and session number 
Difference between the 6 week follow up and 
the pre-training Delayed memory index 
In training correlation coefficient for theta band 
PCC-MTL phase-lagged synchronisation and 
session number 
Difference between the 6 week follow up and 
the immediate follow up Delayed memory 
index 
In training correlation coefficient for alpha 1 
band PCC-MTL phase-lagged synchronisation 
and session number 
EEG Outcomes In training correlation coefficient for alpha 2 
band PCC-MTL phase-lagged synchronisation 
and session number 
Difference between the 6 week follow up 
phase-lagged synchronisation between the PCC 
and MTL and the average of pre-training, 8th 




Difference between the 6 week follow up 
phase-lagged synchronisation between the PCC 
and MTL and the average of pre-training, 8th 
session and 12th session resting state in the 
alpha 1 band 
In training correlation coefficient for beta band 
PCC-MTL phase-lagged synchronisation and 
session number 
Difference between the 6 week follow up 
phase-lagged synchronisation between the PCC 
and MTL and the average of pre-training, 8th 
session and 12th session resting state in the 
alpha 2 band 
Resting state correlation coefficient for theta 
band PCC current density and session number 
Difference between the 6 week follow up 
phase-lagged synchronisation between the PCC 
and MTL and the average of pre-training, 8th 
session and 12th session resting state in the 
beta 1 band 
Resting state correlation coefficient for alpha 1 
band PCC current density and session number 
Average within session change in the theta 
current density in the PCC 
Resting state correlation coefficient for alpha 2 
band PCC current density and session number 
Average within session change in the alpha 1 
current density in the PCC 
Resting state correlation coefficient for beta 
band PCC current density and session number 
Average within session change in the alpha 2 
current density in the PCC 
Resting state correlation coefficient for theta 
band PCC-MTL phase-lagged synchronisation 
and session number 
Average within session change in the beta 1 
current density in the PCC 
Resting state correlation coefficient for alpha 1 
band PCC-MTL phase-lagged synchronisation 
and session number 
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Average within session change in the theta 
phase-lagged synchronisation between the PCC 
and MTL 
Resting state correlation coefficient for alpha 2 
band PCC-MTL phase-lagged synchronisation 
and session number 
Average within session change in the alpha 1 
phase-lagged synchronisation between the PCC 
and MTL 
Resting state correlation coefficient for beta 
band PCC-MTL phase-lagged synchronisation 
and session number 
Average within session change in the alpha 2 
phase-lagged synchronisation between the PCC 
and MTL 
 
Average within session change in the beta 2 




Appendix D3: Correlation of Baseline EEG variables with Baseline RBANS Scores 
Table D-3 below shows the Pearson correlation and the significance of changes in baseline EEG 






Table D-3: Shows the Pearson Correlation of EEG variables and Cognitive Indices.  
 
 










Density Alpha 1 
PCC MTL 
connectivity 
Density Alpha 2 
PCC MTL 
connectivity 












Pearson Correlation -.184* -.118 -.161 -.016 -.110 -.058 -.034 -.054 
Sig. (2-tailed) .041 .191 .075 .863 .223 .521 .710 .549 
N 124 124 124 124 124 124 124 124 
Delayed Memory 
Index 
Pearson Correlation -.263** -.047 -.021 -.074 -.151 -.052 -.080 -.049 
Sig. (2-tailed) .003 .604 .819 .414 .093 .568 .378 .589 
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Appendix D4: PCC Seed-Based Connectivity Comparing Participants and ‘Normal Brain’ 
Controls 
Figure D-1 shows the connectivity of the PCC to the other parts of the brain, comparing the 
participants in the trial to the matched normal brain controls. Areas of blue represent decreased 
connectivity between that part and the PCC, and areas of red represent increased connectivity 
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Appendix D5: Changes in PCC Seed-Based Connectivity Between Baseline and 
Immediate Follow Up  
Figure D-2 below shows the changes in connectivity between the baseline and immediate follow up 
resting state recordings of the PCC to the voxels highlighted below in the narrowband feedback 








Alpha 1 band 
 
Alpha 2 band 
 




Beta 2 band 
 
Beta 3 band 
 
Omega band 
Figure D-2: PCC seed-based connectivity changes between baseline and immediate follow up resting state recordings in the 
narrowband feedback group 
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Appendix D6: Changes in the Phase Lagged Synchronisation of the Posterior DMN 
from Baseline to Follow Up  
Broadband Feedback Group 
Figure D-3  below shows the changed in the posterior default mode network at the immediate follow 
up time point compared to baseline (p=0.071) in the broadband feedback group. Red indicates 






Beta 1 band 
 
Omega band 
Figure D-3: Maps of phase lagged synchronisation changes in the posterior DMN comparing baseline to immediate follow 
up resting state recordings in the broadband feedback group 
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Placebo Feedback Group 
Figure D-4  below shows the changed in the posterior default mode network at the immediate follow 
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Figure D-4: Maps of phase lagged synchronisation changes in the posterior DMN comparing baseline to immediate follow 
up resting state recordings in the placebo feedback group 
 
 
 
